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 Global urbanization has caused significant increase of urban dwellers. In year 
2003, United Nations estimated that by year 2030, up to 5 billion people will live in 
urban areas which will be 61% of the world's population. Urbanization brings major 
modification on natural landscape; buildings are erected, soil has been transformed 
into roads and pavement, greenery has been vastly reduced, etc. The deterioration of 
the urban environment through urbanization can be seen from a phenomenon known 
as urban heat island (UHI); where cities record higher temperatures in comparison to 
their non-urbanized surroundings.  
 Overheating due to solar radiation and ambient temperature increase in big cities 
affect the thermal balance within the environment, where building occupants are 
adapting by utilizing air conditioning to achieve comfortable internal condition. 
However, on district level, quantification of climatic condition effect on buildings and 
vice versa needs further exploration and observation.  
 A parametric study involves urban texture variation has been conducted to 
observe its effect on district energy performance. Thus, these parametric study 
scenarios, which focus on non-domestic/office function, are simulated using 
Integrated Environmental Solutions (IES) to study the identified urban texture related 
to the energy performance, specifically on district cooling load and external heat 
gains through building envelopes. This whole process implements weather files that 
accounts for the UHI effect to derive models which characterize certain urban texture 
along with its related energy performance.  
  The findings serve to identify the relevant urban texture variables which 
characterize urban density and form, such as floor area ratio (FAR), open space ratio 
(OSR), story height (ST), gross site coverage, (GSC), and sky view factor (SVF). 
Thermal load calculation method is developed to illustrate how combination of 




for the whole precinct. The verification and application of the models were carried out 
using a ‘proposed future’ business district. Eventually, these models’ application 
produces multiple case studies for benchmarking purpose. 
 This analysis method will benefit planners particularly at the early design stage, 
where microclimatic analysis should be first conducted at the macro level. Hence, 
design problems related to high energy usage from any initial design proposals can 
be identified and proper adjustments can be made immediately. Moreover, this 
approach also ensures planners are well informed regarding their design 
implications, especially when the energy study is complemented with other 
microclimatic aspect, such as outdoor temperature, greenery planting, urban 
ventilation, and thermal comfort. This approach helps to promote good and 
environmental friendly designs, where design benchmarking can be made between 
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CHAPTER 1 INTRODUCTION 
1.1 Research Problem 
1.1.1 Urbanization and Megacities 
The world has experienced unprecedented urban growth in the last and current 
centuries. In 1800, only 3% of the world’s population lived in urban areas. It 
increased to 14% and 47% in 1900 and 2000 respectively. Since 2008, for the first 
time in history, more than half of the world population lives in the urban areas (Laski 
and Schellekens, 2007). In year 2003, United Nations estimated that by year 2030, 
up to 5 billion people will be living in urban areas accounting for 61% of the world's 
population. 
The on-going migration to urban areas has massive environmental consequences. 
This condition of unprecedented shift from the countryside to cities has been 
influencing climate change, where urban areas account for up to 70% of the world 
greenhouse gas emissions. Since half of the world population lives in the tropics 
(EIU, 2011), including Singapore, significant attention should be paid to urban 
context within the tropics. 
Cities are growing towards megacities with higher density urban planning, 
narrower urban corridors and more high-rise urban structures. Increasing 
urbanization causes the deterioration of the urban environment, as the size of 
housing plots decreases, thus increasing densities and crowding out greeneries 
(Santamouris et al., 2001a). Within the built environment at micro-scale, buildings 
and vegetation influence the incident solar radiation received by urban surface.  
Cities tend to record higher temperatures than their non-urbanized surroundings, 
a phenomenon known as Urban Heat Island (UHI) (Jusuf et al., 2007; Oke, 1982). 
Earlier studies show strong relation between urban morphology and increasing air 
temperature within city centers. Urban structures absorb solar heat during the day 




from urban structures into the urban environment, increasing urban air temperature 
compared to surrounding rural areas and causes UHI effect. UHI affects street level 
thermal comfort, health, environment quality, and may increase the urban energy 
demand.  
However, a more concerning matter is the changing of the earth climate, which 
has been anticipated to have strong implications on building sector.  
1.1.2 Climate Change impact on building energy performance in tropics. 
The third assessment report of the Intergovernmental Panel on Climate Change 
(IPCC) summarized the implications of climate change on the building sector as 
“increased electric demand and reduced energy supply reliability” (IPCC, 2002). 
Global warming has been predicted to have strong impact on building energy 
performance, since the usage of heating and cooling are highly related to both 
temperature and weather variations.  
Building sector is accountable for more than 40% of global energy consumption 
and 30% of global greenhouse emissions, which comes from both commercial and 
residential usage. Among the factors that contribute to the buildings’ emissions are 
building design, building envelope, on-site distributed generation, energy end use in 
the building, lighting, air-conditioning, space heating and ventilation (C2ES, 2009). 
In the ASEAN region, commercial buildings are accountable for 30% of all the 
electricity use and will demand approximately another 40% of generation capacity in 
years to come (MECM, 2001). Numerous studies have been conducted to predict 
commercial building energy consumption. Currently, increasing demand for 
appropriate thermal comfort during hot summer leads to the increase in building 
energy consumption (Lam et al., 2008). 
In spite of these findings, the buildings sector has the greatest potential to mitigate 
the impact of global warming, and the development of adaptation and mitigation 




strategies are dependable on well-developed prediction models in order to 
investigate the performance of buildings in a future warmer climate. 
1.2 Singapore context 
1.2.1 Geographical overview 
Geographically, Singapore is located between latitudes 1°09' North and 1°29' 
South, longitudes 103°36' East and 104°25' East. Köppen climate classification 
system, as shown in Figure 1.1, identifies tropical climate as a region climate which 
covers the largest area of earth, approximately 20% of land surface and 40% of 
ocean surface. Singapore is identified within Af coded region. Af region stands for 
tropical rainforest climate which has characteristics of high humidity with daily 
temperature range of 10° to 25°C and minimum precipitation of at least 60 mm all 
year around.  
 






1.2.2 Singapore Weather and Climate information 
Located right in the equator line, Singapore features a tropical climate, which is 
fairly constant throughout the year; with hot and humid weather in most of the months 
and very minor variation in temperatures. According to Singapore Changi airport 
weather station, the maximum outdoor temperature in 2010 varies between 29oC -
31oC, with minimum between 23oC-24oC (NEA, 2009).  
There are two main seasons in Singapore, Northeast (NE) Monsoon and the 
Southwest (SW) Monsoon. The NE monsoon occurs between November and early 
March with the prevailing wind blowing from the North and Northeast. Meanwhile, the 
SW monsoon occurs between June and September with prevailing wind from the 
South and Southwest. Two short inter-monsoon periods with the duration of two 
months separate these main seasons.  
There is no clear distinct wet or dry season as rainfall occurs throughout the year. 
However, NE monsoon season is considered as wet weather, since the wind is 
generally cool and bring frequent spell of wet weather, about 48% of the total annual 
rainfall.  On the other hand, the SW monsoon wind brings about 36% of the total 
annual rainfall. 
1.2.3 Tropical climate 
High temperature and relative humidity are the most straightforward 
characteristics of tropical region, which may cause thermal discomfort. Singapore’s 
hot and humid climate is also characterized by small seasonal variations; due to its 
low latitude of 1.37°. Furthermore, heat loss at night is limited by the abundant cloud 
cover, in which temperature at night is still relatively high (Wong and Chen, 2009b).  
Since Singapore is located close to the equator, overheating due to solar radiation 
occurs all year round, making them undesirable. Generally, solar radiation receivable 
in the tropics is very high, especially the proportion of diffuse radiation. This is mainly 




The excessive amount of solar radiation received by buildings can affect interior 
thermal conditions. Solar radiation enters the buildings through fenestrations and 
heat up the interiors. Additionally, heat absorption by building façades is transferred 
to the interior through conduction, which indirectly could increase the indoors heat 
gain.  
In general, the hottest month in Singapore based on the annual climatic data 
occurs in March. Based on the 2010 Annual Weather Review released by National 
Environmental Agency (NEA, 2010), the highest temperature on 2010 was recorded 
on 6 March 2010, where the dry bulb temperature at the climate station reached a 
maximum of 35.5°C. This made it one of the 5 hottest days on record since 1983. 
This month sees the transition of the Northeast Monsoon into the Inter-monsoon 
Period. Surface wind becomes increasingly light and showers/thunderstorms more 
frequent in the later part of the month. March may be noted for its hot afternoons; 
light winds, cloudless skies and more direct solar radiation.  
1.2.4 Singapore Urban Development 
Singapore, as the most developed country within Southeast Asia, has been 
experiencing rapid urban development. A rapid growth of urbanization had 
transformed its 1.8 million populations in year 1965 to 5.3 million population in year 
2013. Singapore is ranked third in terms of the world’s most densely populated 
countries with more than 7 thousand population/km2, based on Singapore statistics in 
year 2013 (DOS, 2013). 
On the contrary of socio-economic growth and its positive impacts on the 
globalized transformation of cities morphology and identity, urbanization influences a 
change of cities profile and land usage composition which convert more open spaces 
to high density building blocks. To maintain the country's strong economic growth, its 
commercial district is one of the highly developed areas, which allows higher building 




commercial usage. Current Singapore's urban planning policy for commercial district 
allows high-rise developments with plot ratio ranging from 5 to more than 11, which 
can be translated to building height ranging from 25 to more than 50 stories. The 
ways of architectural approach in urban scale also have strong influence on the 
urban morphology's transition. However, it is regrettable that the architectural style in 
the moderate environment has been transplanted with little recognition of the tropical 
climate conditions (Wong and Chen, 2009a). 
1.2.5 Building energy consumption in Singapore 
The hot and humid climate of Singapore also results in the excessive use of air 
conditioning in the buildings during daytime. Generally, in hot and humid climate 
countries, the cooling demand in a building varies from 50-60% of the total building 
energy consumption (Kunchornrat et al., 2009). Research done by Building and 
Construction Authority (BCA) also shows that the energy consumption by buildings 
alone accounts to about 57% of the whole electricity consumption in Singapore (Bing 
et al., 2005). 
Energy required in air conditioning is very much related to the cooling energy 
demand and the equipment’s operating efficiencies. Cooling energy demand of a 
building is further divided into three groups; heat load from human activities, heat 
load from receptacle load and lighting in operation and lastly, heat transfer from the 
environment to the building by conduction and radiation. Hence in the future, given 
an expected increase in ambient temperature of 2-4°C, an increased in additional 
heat load from the ambient air into the building is inevitable. 
1.3 Research question 
The term ‘urban texture’ will be used here to define the urban layout, form, and 
density. This term is a commonly accepted (although loosely defined) expression in 




level of detail implied is that of the intermediate scale; which is defined here as that of 
a group of buildings or a few city blocks (Ratti et al., 2003).  
The simple illustration below (see Figure 1.2) shows the basic concept in 
formulating the research question. A hypothetical urban texture on the left is an area 
with low height buildings and small site coverage. While on the right, the area is 
much denser, with higher buildings and more masses, creating narrower canyons.  
The left case will most probably suffer from solar exposure due to its openness 
and small possibility of overshadowing from the surrounding buildings, resulting in 
more walls exposed to the solar radiation, hence increasing the solar gain that enters 
through the fenestrations. However, this type of geometry arrangement is a good 
example of UHI mitigation strategy, since it has wider canyon and low building 
heights. The heat is absorbed during the day by the urban surfaces (building walls, 
roads, pavement, etc.), and released during the night in the form of long wave 
radiation. Hence, long wave radiation emitted during the night will have less 
obstruction from the surroundings.  
 In contrast, the right example of urban texture benefits from the narrow canyons 
created by its tower formations, which provide cover for the other vertical building 
surfaces, reducing the amount of solar exposure during the day. However, this 
configuration results in a much larger wall area summation compared to the left ones, 
which means the amount of external heat gain receivables will mostly higher. During 
nighttime, due to tighter canyons, the heat released will be trapped inside the urban 
area, worsening the UHI condition.  
 This simple example leads to the research question: 
• How does urban texture, which is characterized by its form and density, 
affect energy performances of buildings especially on cooling load from and 






Figure 1.2. Two extreme urban form scenarios which lead to the research question for this study. 
1.4 Scope and objectives of research 
The scope of this study deals with non-domestic buildings type within Singapore 
context, as an example of high density urban area typology. The non-domestic sector 
is very diverse, so for the purpose of this paper, the attention is merely on typical 
office buildings (the predominant non-domestic building type). Henceforth, the study 
gives emphasis to daytime activities and occupancy, which follows the typical office 
building design (55 hour work week).  
This study explores the effect of urban texture, characterized by its physical 
density and form, on the receivable external heat gain which is influenced by 
surrounding microclimatic condition (from ambient temperature, solar radiation, and 
overshadowing effect) in district/precinct level. The external heat gain from 
conduction and radiation consequently increases energy cooling load, hence 
affecting the proportion of energy used for air conditioning. A study shows that about 
52% of energy consumed in a typical commercial building in Singapore is utilized for 
air conditioning (Lee et al., 2004). Therefore, it is important to explore how far the 
urban texture and micro-climatic condition are affecting each other, and the 
possibility to transform this relationship into a practical analysis approach for urban 
performance evaluation. 
It is deemed necessary to embark on a practical yet viable methodology to study 
energy performance based on urban forms and geometry in order to answer the 




rigorous and robust simulation and calculation of a certain building design. However, 
it has become a reasonably difficult and an exhausting job to conduct the similar 
study on the urban scale.  
Before buildings are built from empty lands, architects have to consider several 
factors: the plot sizing, its arrangement and street networks; in which government 
and city planners have determined those factors initially. The role of urban planners 
have never been this important on determining the plot sizes, building heights, set-
backs, and other design considerations; since these guidelines will mostly have an 
influence on the building design outcome. Thus, a proper knowledge of building 
sizing and arrangement could provide an initial estimation on how a particular design 
will perform in terms of energy performance, daylight accessibility, and other climatic 
considerations. 
 Hence, this research has the following objectives:  
1. To develop an assessment method on observing energy performance in 
district/precinct level by considering both urban physical form and micro-
climatic condition.  
2. To develop a prediction model that characterizes district/precinct energy 
performance due to its physical parameters and micro-climatic condition.  
3. To develop a matrix of urban texture derived from the geometry variables in 
order to determine the energy performance.  
Understanding how urban texture could play a role in determining its urban 
microclimatic condition should have been one of the important notions for an urban 
planners. In the end, it is necessary to highlight that this is a morphological study that 
only deals with parameters related to urban form. It does not have a fully diagnostic 
aim, i.e. to provide exact and detail run down of energy consumption figures at the 
district level, but rather a comparative figure which will be useful for benchmarking 




1.5 Organization of study 
Chapter 2 reviews the literature on variables that have been used to characterize 
urban texture, density, and form. In addition, literature on urban parameterization and 
micro-climatic impact along with building indicators which play important roles in 
determining energy performance have also been reviewed. Some knowledge gaps 
have been identified based on the literature review, and is presented at the end of 
the chapter. 
Hypotheses and Research Methodology are given in Chapter 3, along with 
proposed final deliverables and research importance. The parametric study is 
explained together with the methodology of generating local weather data. Both 
urban model scenarios and local weather date are used as input for simulations 
using IES-VE (Integrated Environmental Solutions Virtual Environment) building 
performance simulation software. 
Chapter 4 discusses the preliminary studies carried out in validating the analysis 
method and tools used in this study. 
Chapter 5 describes the parametric study in more details, especially on how the 
scenarios are prepared, obtaining localized weather data, and setting up the IES-
VE© to perform thermal and energy simulation. 
Chapter 6 displays the simulation results from IES-VE©, where the outputs are 
being compared, normalized, and analyzed. Then the data is correlated with relevant 
independent variables, which has been selected based on literature review.  
Chapter 7 explains in details the methodology on developing the prediction model, 
model by considering all morphological variables over a range of variations against 
the normalized simulation result from previous chapter. 
Chapter 8 performs a series of sensitivity analysis whereby the multivariate 





Chapter 9 will demonstrate the models application, using a hypothetical urban 
texture within a real site condition. Various scenarios will be benchmarked against 
one another by considering not just the energy performance, but also other aspects 
such as ambient temperature and urban ventilation aspect. Hence, this chapter also 
showcases the importance on coherent and comprehensive urban study on micro-
climatic impact.  
Chapter 10 concludes the thesis and discusses the limitations and the potential 





CHAPTER 2 LITERATURE REVIEW 
2.1 Introduction 
The multifaceted relationship between microclimate and built environment is the 
key to promote sustainable theme within design and building practice. There is a vast 
body of knowledge and research studies about this matter, but to understand fully the 
microclimate impact on built environment is still a very challenging effort. As 
displayed in Figure 2.1, the whole ecology system comprises many systems which 
are too complex to be quantified and represented in numbers and models (Yeang, 
1995). However, this incomplete and inadequate state of current knowledge about 
climate-urban relationship should not be the reason to be evasive toward preventive 
or corrective actions within the design process. Planners and engineers should view 
design process with a proper understanding on ecological aspects, where the 
concerns should be laid not just at present time, but also for the future. 
 
Figure 2.1 Interactions between physical constituents and biological (living) constituents (Yeang, 1995) 
In order to design sustainably, a holistic and comprehensive approach on 
designing buildings is significant. However, it appears there is no limit to include the 
number variables into the analysis to quantify the microclimate impact to the built 
environment and vice versa. Regardless of our input and outputs analysis, they 
cannot be expected to explain the whole system and provide complete description. 
As described by Yeang (1995), “The crucial task in any theory building is to pick the 





Figure 2.2. Urban microclimate analysis diagram looking at different aspects. 
 
In relation to this study, Figure 2.2 illustrates an example of several main 
components (heat island, outdoor comfort, and daylight) which at least need to be 
considered within microclimate analysis, particularly in the tropics. Since performing 
an urban microclimate analysis requires an enormous number of variables which 
need to be considered, this study tries to focus and narrow its scope into the 
relationship between microclimate and urban geometry, where these two have 
significant impact on the cooling energy used in the buildings. Other aspects such as 




nature of complexity of each aspect. This is mainly because of the large scope of 
above-mentioned aspects due to the high number of variables related, which are not 
possible to be entirely considered within the current study. Hence, the three main 
components that will be covered are: (1) urban texture, (2) microclimate, and (3) 
energy/heat gain.  
 
Figure 2.3. Literature review focuses on the relationship between 3 main subjects: urban texture, 
microclimate, and heat gain/energy. 
 
Based on the diagram displayed in Figure 2.3, this literature review will try to pick 
up some important variables which are relevant to the scope of studying the 
implication of microclimate on built environment, and vice versa. The first part is to 
determine the boundary of the microclimate condition itself, which means scaling 
down the climatic study into the urban scale. Afterwards, urban geometry factors that 
affect both microclimate and urban/district energy performance will be explored. 
Lastly, the literature review will cover common practice in analyzing building thermal 
loads using various simulation tools, and how the current study tries to incorporate 




2.2 Climate and Built Environment 
2.2.1 Atmospheric layers and climate zones 
Climate is a measure of the average pattern of various atmospheric aspects 
(temperature, humidity, wind, etc.) in a given region over long periods of time. 
Furthermore, climate can be considered at different scales, from the globe to the leaf 
of a plant, and form major climatic cycles lasting thousands of years over a few 
minutes or hours (Markus and Morris, 1980). In order to study the built environment 
microclimate condition, one has to explore the climate impact within a much smaller 
scale as cities.  
This issue has been greatly enhanced by Oke’s conception of the urban 
atmosphere as a system composed of two distinct layers, namely urban boundary 
layer (UBL) and urban canopy layer (UCL) (Oke, 1976). Figure 2.4 illustrates UBL is 
a local or mesoscale concept referring to the atmospheric system for many miles 
above the cities, which are affected by the urban area presence beneath it. While 
UCL consists of the air contained within the urban area, from the ground up to the 
roof level. Within UCL, climatic impact of urbanization is significantly felt. Land 
features such as building towns, which emit heat and pollutants, begin to have 
marked effect and cause significant and measurable differences in local climate.   
 
Figure 2.4 Schematic representation of the urban atmosphere illustrating a two-layer classification of 





Urbanization brings major modification on natural landscape; buildings are 
erected, soil has been transformed into roads and pavement, greenery has been 
vastly reduced, etc. Moreover, these modifications require resources from the nature 
itself, not to mention producing both waste and pollution. Considering these major 
changes, areas within the UCL exhibit the clearest signs of inadvertent climate 
modification (Oke, 1987).  
 
Figure 2.5. Universe class division into different thermal climate zones (Stewart and Oke, 2009b) 
 
Apart from distinguish different atmospheric layers; Oke has also classified ‘urban’ 
and ‘rural’ classifications into different groups of urban climate zones (Oke, 2004), 
which was further updated into thermal climate zones due to heat island 
considerations (Stewart and Oke, 2006, 2009a, b, 2010). The comprehensive 
grouping of various sites and settings of urban climate observation is derived from 
differentiation of surface cover (built fraction, soil moisture, albedo), surface structure 
(view factor, roughness height), and cultural activity (anthropogenic heat flux). By this 
method, the ‘urban-rural’ continuum has been narrowed down to 20 zones (see 





The largest classification group comes from the city series, comprising nine 
thermal climate zones (see Figure 2.6). From “modern core” to “open grounds,” the 
city series is characteristically diverse in surface roughness, impervious fraction, 
thermal admittance, sky view, and anthropogenic heat flux. Most urban areas in 
Singapore, apart from the industrial zone and natural landscape areas, can be 
categorized into these different classifications: (1) Modern Core (2) Old Core, and (3) 
Blocks. In general, Singapore urban landscape comprises high rise buildings, either 
for residential or commercial usage, due to lack of land space and increased 
urbanization.  
Increased urbanization was found to have a negative impact on the urban 
environment. The deterioration of the urban environment through urbanization can be 
seen from a phenomenon known as urban heat island, which will be briefly explained 
in the following section. 
 




2.2.2 Urban area in the tropics and solar radiation. 
“The outdoor temperature, wind speed and solar radiation to which an individual 
building is exposed are not the regional ‘synoptic’ climate, but the local microclimate 
as modified by the ‘structure’ of the city, mainly of the neighborhood where the 
building is located.” 
(Givoni, 1989) 
Tropical climate is identical with the hot and humid climate, characterized by small 
seasonal variations in temperature and relative humidity. Overheating due to solar 
radiation occurs all year round, making them undesirable. Thus, solar gain and 
outdoor temperature play significant roles on the building energy performance, since 
most of the occupants tend to have a desirable and comfortable condition within the 
enclosed space inside by utilizing air condition. Solar Radiation 
The climate is controlled by the incident solar radiation (Kiehl, 1992), and it varies 
in different latitude. This is mainly due to the difference of solar radiation received by 
the surface. This latitudinal imbalance of net radiation for the surface-plus-
atmosphere system as a whole (positive in lower altitudes and negative in higher 
altitudes) combined with the effect of the earth’s rotation on its axis produces the 
dynamical circulation system of the atmosphere (Henderson-Sellers and McGuffie, 
1987).  
Solar radiation is a general term for the electromagnetic radiation emitted by the 
sun. As sunlight passes through the atmosphere, some of it is absorbed, scattered, 
and reflected by air molecules, water vapor, clouds or dust. This is called diffuse 
solar radiation. The solar radiation that reaches the Earth's surface without being 
diffused is the direct beam solar radiation. The sum of the diffuse and direct solar 
radiation is known as global solar radiation. Atmospheric conditions can reduce direct 







Figure 2.7. Schematic of the earth’s energy budget (Schneider, 1992) 
 
According to earth’s energy budget by Schneider (see Figure 2.7), incoming solar 
radiation is 45% absorbed by surface, 25 % absorbed by atmosphere and 23% 
reflected by atmosphere (Schneider, 1992). In an urban area, incident solar radiation 
falling on a surface is influenced by the surroundings condition, particularly building 
and vegetation. In order to quantify and measure this “openness”, there is an 
indicator known as sky view factor (ܸܵܨ), and this will be explained further in Chapter 
2.3.  
2.2.3 Urban Heat Island (UHI) 
UHI is the condition where an increase in building density results in cities 
recording higher temperatures in comparison to their non-urbanized surroundings. 
Several factors, such as diminishing of green area, low wind velocity due to high 
building density and change of street surface coating materials contribute to UHI 
(Takahashi et al., 2004). These may lead to overheating by human energy release 
and the absorption of solar radiation on dark surfaces and buildings. This problem 
will be further aggravated by increasing demand on air conditioning, which will again 




UHI is a result of dense built infrastructures of cities that absorb and trap solar and 
traffic-generated heat, retaining it for periods longer than natural surfaces. Urban 
heat island affects street level thermal comfort, health and environment quality and 
may increase energy demand. 
As cities add roads, buildings, and people; temperatures in city rise relative to their 
rural surroundings, creating a heat island (Voogt, 2004). Figure 2.8 illustrate both 
plan and cross section of spatial patterns of air temperature across different part of 
an urban area for both night and day. It shows that the optimum heat condition during 
the night occurs within the downtown area, where it is commonly most densely built.   
 





Givoni (1992) explored the climatic characteristics relevant to urban and building 
design in hot humid and hot-dry tropical regions respectively. Locations of towns in a 
region, density of the built-up area and building’s configurations, orientation as well 
as width of streets are the urban design elements, which affect and modify the urban 
microclimate. 
Apparently, heat island effect has direct consequence toward both energy 
consumption and natural ventilation. Santamouris et al. (2001a) in his study 
regarding climatic measurement in Athens, Greece, found that when the mean heat 
island intensity exceeds 10oC, the cooling load of urban buildings may double while 
in higher set point temperatures, the peak electricity load for cooling purposes 
became tripled.  
In Singapore, satellite image showing UHI effect during daytime where ‘hot’ spots 
were normally observed on exposed hard surfaces in urban context, such as 
industrial area, airport and CBD. The satellite image also showed ‘cool’ spots, which 
were mostly observed on the large parks, the landscape in-between the housing 
estates and the catchment area (Wong et al., 2002).  
A more recent study, Wong and Chen investigated the severity and impact of UHI 
on the environmental conditions and identified the possible causes by using thermal 
satellite image and mobile survey (Wong and Chen, 2003). In Singapore, the satellite 
image shows UHI effect during daytime and the ‘hot’ spots are normally observed on 
exposed hard surfaces in urban context, such as industrial area, airport and Central 
Business District areas (CBD). The satellite image also shows some ‘cool’ spots, 
which are mostly observed on the large parks, the landscape in-between the housing 
estates and the catchment area. The cross sections chart in Figure 2.9 shows the 
temperature profile difference between these different land uses could reach as high 





Figure 2.9. UHI profile in Singapore (Wong and Chen, 2003) 
 
As previously mentioned, the increase in temperature can lead to significant air 
conditioning usage. UHI studies in Singapore suggest a possible 1oC increase of 
urban air temperature in the future. Without mitigation strategies, this trend will 
increase the cooling energy consumption up to 33 GW h per annum for the whole 
Singapore within the next 50 year (Tso, 1994). Moreover, recent local studies have 
also highlighted how ambient temperature in the urban area determines the energy 
savings of buildings. It was found that for every 1oC reduction of ambient air 
temperature could save building energy consumption up to 5% (Chen and Wong, 
2006; Wong and Chen, 2009a; Wong et al., 2011c). 
Other several studies on UHI summarized that UHI is dependently affected by 
canyon geometry, building materials, greenhouse effect, anthropogenic heat, 
evaporation and wind flow (Oke, 1973, 1987, 1988; Roth et al., 1989). These findings 
have highlighted the implication on the man-made structure and surface 
modifications on the microclimate condition. The following chapter will look into more 




2.2.4 Microclimate condition and urban texture 
 
Figure 2.10. Relationship diagram between urban texture, microclimate, and building energy usage. 
 
 In a big picture, the relationship between urban texture, microclimate, and energy 
usage can be illustrated as shown in Figure 2.10. Urban texture can be defined by its 
form and density. Changes in natural landscape, because of transformation to 
buildings and pavement, affects the microclimate condition due to changes in overall 
heat balance.  
Microclimate, which covers area within 1 km horizontally and up to 100 m 
vertically, is the one of prime importance of building designer. Katzschner (1988) 
mentioned that climate is an ever existing factor in a built environment and the study 
about climate condition is purposed to improve the climate condition and to reduce 




In the tropics, the main concern for weather condition is the abundance of solar 
radiation. Hence, constant daytime solar exposure throughout the year transfers the 
heat into the buildings (external heat gains), by means of: 
 Heat conduction/transmission, due to temperature difference and absorbed 
heat by the envelope (roof and walls) 
 Solar radiation through windows. 
 Air ventilation through convection or Fresh air introduced for air conditioning 
air supply 
 For air-conditioned buildings such as offices, these external heat transfers are 
known as envelope conduction gain, solar gain, and fresh air intake gain. All these 
external heat gains are the part of the cooling load from the sensible portion, which 
also comes from internal (people and equipment). Hence, the cooling load 
determines the amount of energy used to cool down the internal area. Details of 
these thermal load components are further elaborated at Chapter 2.5.  
 The following sub chapter puts emphasize on two aspects: urban texture 
characterization and how it relates with microclimate. 
2.3 Urban Texture Variables 
Urban texture is a major factor that influences the thermal behavior in the city and 
creates heat island impact. Oke stated that designs for street canyons in high and 
mid-latitude cities should (1) maximize shelter from wind for pedestrian comfort, (2) 
maximize dispersion of air pollutants, (3) minimize urban warming to reduce the need 
for space cooling, and (4) maximize solar access. Oke’s analysis of urban geometry 
in relation to air-flow patterns, radiation exchange, and thermal behavior resulted in a 
range of canyon geometries and building densities that achieve a “zone of 
compatibility” (Oke, 1988).  
Arnfield (1990) further mentioned that the calculation of irradiances on urban 




found that irradiance values generally were smaller for canyon walls than for floors, 
and that controlling canyon-floor irradiance was more critical at lower latitudes 
because higher solar angles North-South street orientation provided lesser summer 
and more winter canyon-floor irradiance than East-West street orientation.  
This ‘urbanized’ climate created by the local urban forms is significantly different 
from the measured ‘background’ climate, where the latter is mostly resourced from 
weather station located in the suburbs or airports. Some studies have also addressed 
the urban form as key driver in creating the local microclimate, and linked it to overall 
building performance (Arnfield, 2003; Dimoudi et al., 2013; Smith and Levermore, 
2008; Souch and Grimmond, 2006).  
Another study done by Middel et al (2014) also addresses the larger role of urban 
form than landscaping on daytime temperatures at the microscale, where aspects 
such as solar radiation and local shading patterns are closely related to form and 
spatial arrangement of urban features. Different urban forms were simulated by 
ENVI-met under desert environment, and it was found the overshadowing from tall 
buildings play a significant role in reducing urban heat during daytime, although it 
does not consider the impact during nighttime. The results also show mid- to high-
rise buildings arrangement along the direction of wind flow helps in reducing daytime 
temperatures. 
These studies showed how the urban geometry had many effects in relation to 
urban microclimatic condition, which both directly and indirectly affect buildings 
energy performance. Building sizes and its arrangement in creating various canyons 
and street network, combining with the geographical and climate condition, 
eventually determine not just the urban heat island impact, but also the city’s outdoor 
and indoor thermal behavior. Thus, the main focus of this study is to look at building 
density, form and its variation on urban area.  
Sustainable designs must be examined at wider or city scale. The prospect of an 




interaction between buildings and their surrounding environments as an integrated 
urban design process. For example, the UHI phenomenon is influenced by the urban 
texture, which comprises of cluster of buildings, where this interaction cannot be 
separated from the geographical context. Mills proposed that examining the 
relationship between urban forms and climate can employ the results of urban 
climatology into urban design guidelines (Mills, 2008). 
The following section will focus more on characterizing and identifying various 
urban texture variables as well as their impact on energy performance, not just on 
individual basis but as a summation of collective buildings on urban scale. 
2.3.1 Early studies on urban form and density parameters 
Cities are complex systems composing of non-linear and multiple scale iterations 
of spatial and physical heterogeneous components. Despite their complexity, these 
systems are self-organizing and generate socio-spatial patterns as a result of human 
activities. Among these patterns, the urban form is among the most stable, not only 
structuring human activities, but also setting limits to future reconfigurations. This 
geometrical structure formed by the spatial distribution of buildings, roads and green 
areas can be defined as urban texture (Pont and Haupt, 2010).  
As described, building density is one of the vital parameters that shape the urban 
form; therefore, it has an intricate relationship with urban morphology. For instance, 
several sites within the urban block with the same plot ratio may manifest into various 
built forms. These variations will affect building heights and site coverage. A simple 
analogy is that a single wide and large building can be converted into multi-storey 
towers on the same site with same plot ratio and gross floor area.  
In the face of rapid urbanization, the relationship between building density and 
urban form has attracted wide interest. Martin and March analyze the relationship 
between building height, plot ratio, site coverage and solar obstruction. In the 1960s, 




the question, ‘‘what building forms make the best use of land?’’. They selected six 
simplified urban arrays based on archetypal building forms. After analyzing and 
comparing the archetypes in terms of built potential and day lighting criteria, the 
conclusion was eventually reached that courtyards performed best. Furthermore, the 
implications of their question, which to date has not addressed the link with climate, 
were explored using a case study in a hot-arid region (Martin and March, 1972). 
Initial results focused on two forms: courtyards and pavilions. Courts resemble the 
traditional building forms which are found in many countries, pavilions reflect the 
more contemporary tower building forms, which became popular after the Modern 
Movement. A comparison between an urban array of courtyard or pavilion archetypes 
is shown in Figure 2.11, both with 50% site coverage, the same building height and 
floor area, as 49 pavilions or in the form of 25 courtyards. 
The same concept on a square geometry is clearly graphically represented by the 
Fresnel diagram (see Figure 2.12). Perhaps surprisingly, each annulus (including the 
central square) has equal area. This diagram has extensively been adopted to make 
the point about the effectiveness of distributing built volume on the perimeter of a 
site, thus in a courtyard shape, as opposed to a centralized form as with pavilions. 
Some other combinations of these three basic forms can be sought, which generate 
the six archetypal forms presented in Figure 2.13.   
 
Figure 2.11. Two archetypal urban patterns, based on pavilions and courts (black represents buildings) 





Figure 2.12. Fresnel’s diagram: all concentric squared annuluses have the same surface area, which is 
also equal to the area of the centre square (Martin and March, 1972) 
 
 
Figure 2.13. Generic urban forms, based on Martin and March and environmentally. From left to right: 
pavilions, slabs, terraces, terrace-courts, pavilion-courts and courts (Martin and March, 1972).  
 
 
Figure 2.14. Leslie Martin and Lionel March’s (1972) radical proposal to replace a part of central 
Manhattan with large courts.  
  
 On the larger scale such in city areas, Figure 2.14 illustrates how Manhattan can 
be redeveloped into an extreme case of different urban layout options by maintaining 
the same floor area. This radical example by changing typical building blocks into 




creating large open spaces and reducing the height of buildings from an average of 
21 stories to 7, creating a vastly different urban landscape.  However, a more 
extensive and accurate comparison between different ‘‘ways of placing buildings on 
the land’’ should take into account additional environmental parameters such as 
weather or climatic influence and possibly consider more simplified forms.  
 Relating to geometry aspect, urban texture can be defined by its density and form. 
The term ‘density’ has a broad definition, which is used in many subjects and 
different disciplines. Although it looks familiar and the idea is easily grasped, the 
word ‘density’ as a matter of fact is a complex concept upon closer examination, 
especially when it comes to urban discussions.  
Churchman (1999) describes that there is not one accepted measure of density in, 
or shared by different countries. In short, measurement of density varies is 
determined by which numerators and denominators are used. Some countries define 
density by using the number of people per given area (population density), while 
others define it using a physical approach, by using either dwelling units or building 
mass per given area (plot ratio, floor area ratio, floor space index, or land use 
intensity).  
Cheng (2009) attempts to untangle the intricate concepts of density according to 
two perspectives – namely, physical density and perceived density. The latter will not 
be discussed here, since this study is more focused on man-made physical 
constituents within an urban area.  
Hence, the following are components defined by the planners as well as the 
researchers in order to define building physical parameters within an urban area: 
2.3.2 Floor Area Ratio 
Physical density is a numerical measure of the concentration of individuals or 
physical structures within a given geographical unit. It is an objective, quantitative, 




meaning only if it is related to a specified scale of reference. Even that, physical 
density is still a broad term, since it can be divided into two categories: people 
density and building density. People density is expressed as the number of people 
or household per given area, while building density is defined as the ratio of building 
structures to an area unit. Since the population is not the main study objective, more 
attention will be laid on the latter category.  
Previously, density refers to the concentration of the object over a reference area.  
Hence, the density with regard to the built space of the city is called urban density 
(Salat, 2011). In a more technical definition, urban density is the ratio of built m2 on 
all storeys to the selected ‘area’ on the ground. There are many terms which have 
been commonly used in many countries, such as Floor area ratio (FAR), floor space 
ratio (FSR), floor space index (FSI), site ratio and plot ratio (Cheng, 2009; Cheng and 
Steemers, 2010; Pont and Haupt, 2004, 2010; Salat, 2011). For here on, the term 
FAR has been chosen to represent this ratio.  
 FAR is defined as the ratio of the gross floor area of a building(s) to its site area or 
other aggregation (see Figure 2.15 and Equation 2.1). In practice, FAR is extensively 
adopted as a standard indicator for the regulation of land-use zoning and 
development control. Different FAR for different types of land uses are often specified 
in urban master plans as a provision of mixed land use. In building design, FAR is 
widely used in design briefing and development budgeting as it reflects the amount of 
floor area to be built and hence, can be used to estimate the quantity of resources 
required for construction; consequently, it can forecast the financial balance of 





Figure 2.15. Plot ratio as one of measures of building density (Cheng, 2009) 
 
  ܨܣܴ ൌ 	 ி	ሺ௚௥௢௦௦	௙௟௢௢௥	௔௥௘௔ሻ஺	ሺ௔௥௘௔	௢௙	௔௚௚௥௘௚௔௧௜௢௡ሻ  (2.1) 
2.3.3 Site Coverage 
 With urban density measurement on different scales defined, the association with 
land use can be established. The site coverage ratio or plot coverage ratio measures 
the ratio of the built surface area to the plot area. As shown in Figure 2.16, site 
coverage is a measure of the proportion of the site area covered by the building.  
 
Figure 2.16. Site coverage indicator, another measure of building density (Cheng, 2009) 
  
 Similar to plot ratio, site coverage of individual developments is often controlled in 
urban master planning in order to prevent over-build and to preserve areas for 
greening and landscaping. The open space ratio, which is the inverse measure of 
site coverage, indicates the amount of open space available on the development site. 
As with built density, a distinction needs to be drawn between the coverage ratio on 
the district scale (including roads, green spaces, or even perhaps a body of water), 
the block scale and the plot scale. For the purpose of this study, since, the term used 
is site coverage ratio (SC), which demonstrates the relationship between built and 




  ܵܥ ൌ 	 ஻	ሺ௚௥௢௦௦	௕௨௜௟ௗ௜௡௚	௙௢௢௧௣௥௜௡௧ሻ஺	ሺ௔௥௘௔	௢௙	௔௚௚௥௘௚௔௧௜௢௡ሻ   (2.2) 
2.3.4 “Spacematrix” variables 
In their research on urban density, Pont and Haupt (2004) created Spacemate, a 
diagram that makes spatial characteristics measureable, by using 4 (four) urban 
texture variables: 
1. FSI = The FSI (Floor Space Index) expresses the intensity of an area; this is 
similar with FAR.  
2. GSI = The GSI (Ground Space Index) expresses the compactness of an area; 
this is similar with SC.  
3. OSR = The OSR (Open Space Ratio) expresses the pressure on the non-built 
space. 
4. L = The L (Layers) expresses the average number of floors of an area. 
 Calculating the above mentioned variables are using the same series of data 
which consists of: gross floor area, built area, and plan area. Hence, the four 
variables are related to each other mathematically. The relationship among them can 
be summarized under the following table: 
Table 2.1. The table shows the relationship between FSI, GSI, OSR, and L (Pont and Haupt, 2004). 
Known Variables Sought Variables 
FSI 
GSI 
L   = FSI/GSI 
OSR  = (1 – GSI)/FSI 
FSI 
L 
GSI = FSI/L 
OSR = 1/FSI – 1/L 
FSI 
OSR 
GSI = 1-FSI*OSR 
L  = 1(1/FSI – OSR) 
GSI 
L 
FSI = GSI*L 
OSR = (1/L)*(1/GSI – 1) 
GSI 
OSR 
FSI = (1 – GSI)/OSR 
L  = (1/GSI – 1)/OSR 
L 
OSR 
FSI = 1/(OSR + 1/L) 






Indicators are deemed necessary in order to characterize these urban forms into 
different parameters. Adolphe listed out several morphological indicators of 
environmental performance which include rugosity, porosity, sinuosity, occlusivity, 
compacity, contiguity, solar admittance and mineralization (Adolphe, 2001). Since the 
scope of this study does not consider wind effect, the first four indicators are not 
chosen, since they are focusing on urban ventilation. Other excluded indicators are 
solar admittance (since this study does not consider the daylight availability) and 
mineralization (because it deals with surface materialization such as pavement, 
water, and vegetation). Hence, the most direct geometric variables that deal with 
solar insolation are compacity and contiguity. 
Building compacity has a major impact on heat transmission through the building 
envelope, and in turn, play a part in the UHI effect (Adolphe, 2001, 2009). For a given 
urban fabric, the mean compacity factor ܥ௙ can be evaluated directly by averaging 
the compacity of the buildings concerned: 
  ܥ௙ ൌ ∑ ஺೐௏మ యൗ௕௨௜௟ௗ௜௡௚௦   (2.3) 
 The advantage of this coefficient compared with the more traditional ratio of 
exterior wall area to volume (ܣ௘ ܸ⁄ ) is, it gives greater importance to large buildings 
than to small ones. Therefore, use of the latter on an urban fabric would oblige 
weighting each elementary building value by its floor area. 
 This compacity term is also used by Salat, under the term volumetric compactness 
(ܥ), as one of the form factors which is useful for a thermal analysis of buildings since 
it impacts their theoretical heating needs (Salat, 2011). It is equal to the surface area 
S of the building’s envelope over the volume of the building ( (2.4). However, it 
has to be considered as the product of two factors: the size factor (ߙ), corresponding 
to the edge length of equivalent cube (it varies only along with size, not with form); 




by the size of the analyzed objects has been removed (see  (2.5 and  
 (2.6). 
  ܥ ൌ ∑ௌ೔∑௏೔ ൌ ߙ ൈ ܥ௔ௗ௜௠ (2.4) 
  ߙ ൌ ଵሺ∑௏೔ሻమ యൗ  (2.5) 
  ܥ௔ௗ௜௠ ൌ ∑ௌ೔ሺ∑௏೔ሻమ యൗ 	 (2.6) 
Compactness plays a role in heat energy needs because it determines losses 
through the envelope. The smaller it is, the more thermally compact is the building 
(but as described before, compactness mixes notions of size and form). Calculating 
the compactness of buildings in a district, or a type of building, gives us an idea of 
their heating/cooling needs but also of the aeration. This parameter is very effective 
in characterizing urban forms, all the more when the size and form factors are broken 
down, which when multiplied, give us the volumetric compactness.  
The example of Figure 2.17 shows how the compactness or surface to built 
volume ratio differs from one city to another, which is also a rough indicator of urban 
grain size, representing the amount of exposed ‘skin’ of the buildings and therefore, 
their potential for interacting with the climate through natural ventilation, day lighting 
etc. (Ratti et al., 2003). However, the counter-indication to a high surface to volume 
ratio is the increase in heat loss during the winter season and heat gain due to 
exposure to solar radiation during the summer season. In this case, we are more 





Figure 2.17. Digital Elevation Model (DEM) of London, Toulouse and Berlin, with heights represented 
with a 256-level grey scale (Ratti et al., 2005) 
 
Contiguity indicator considers the neighboring wall on adjacent buildings within an 
urban area (Adolphe, 2001, 2009). Notably in historical centers, it is common for the 
buildings to keep up high vertical adjacencies with their neighbors. This directly 
affects both heat transmissions (partly walls do not transmit heat to outside) and 
sunlight access. Contiguity factor of a building then can be characterized by the ratio 
of the vertical envelope area adjacent to the other buildings to the total (or only the 
vertical) area of the envelope open to outdoor spaces. In any given urban fabric, the 
mean contiguity is obtained from elementary building contiguity by weighting it with 
its floor area (ܣ௙௟௢௢௥) to lower the effect of large buildings. The contiguity factor ܥ௧ can 
be expressed as follows: 
  ܥ௧ ൌ
∑ ஺ೌ೏ೕൈ஺೑೗೚೚ೝ஺ೡ೐ೝ೟௕௨௜௟ௗ௜௡௚௦ ∑ ܣ௙௟௢௢௥௕௨௜௟ௗ௜௡௚௦
൙  (2.7) 
 
ܣ௙௟௢௢௥ is the exterior area of the vertical envelope for a given building, ܣ௔ௗ௝ is the 
area of the vertical building envelope adjacent to the other structure, and ܣ௙௟௢௢௥ is the 




2.3.6 Sky View Factor 
The sky view factor (Schneider, 1992) is the percentage of a point’s field of view 
that is occupied by the sky as opposed to buildings, tree or any other object in the 
landscape. For instance, an urban canyon with a large aspect ratio will have a small 
ܸܵܨ ; flat fields with an unobstructed horizon will have a large ܸܵܨ . Figure 2.18 
displays some examples of different urban areas with various ܸܵܨ values, which are 
mostly determined by the urban canyon aspect.  
Measurement and calculation of ܸܵܨ has some history in urban climate research 
(Holmer et al., 2001; Johnson and Watson, 1984; Steyn, 1980; Watson and Johnson, 
1986), yet is still subject to intensive investigation (Grimmond et al., 2001; Littlefair, 
2001; Matzarakis et al., 2007; Ratti and Richens, 1999). Many researchers also 
relate SVF with UHI study, where it was found that the high ambient temperature at 
night time in urban areas is due to ܸܵܨ condition (Arnfield, 1990; Bärring et al., 1985; 
Chapman et al., 2001; Oke, 1981).  
The most traditional way to measure ܸܵܨ is by taking a 180° fisheye photograph 
where the camera sits on a tripod at 1 m height, equipped with a fisheye lens looking 
into the sky (Chen and Black, 1991; Littlefair, 2001). Alternatively, ܸܵܨ can also be 
calculated from digital models of the environment (Matuschek and Matzarakis, 2010; 
Matzarakis and Fröhlich, 2010; Matzarakis et al., 2007). 
 
Figure 2.18. The sky view factor (SVF) is a measure of the street geometry and the photos shows three 
sites of (a) open square, SVF=0.93); (b) street intersection, SVF=0.47 and (c) street canyon, SVF=0.29 
(Eliasson, 2000) 




 Calculation of ܸܵܨ  is based on knowledge of each angle element of the 
hemispheric environment and associated elevation (in connection with produced 
shadow) angle β and azimuth angle α. Therefore, the ܸܵܨ can be assumed to be 
the sum of all this angle information over the whole hemispheric environment (see 
Equation 2.8). 
  ܸܵܨ ൌ 1 െ ݅ ∑ ݏ݅݊ଶ ߚ௜ ቀ ௔೔ଷ଺଴೚ቁ  (2.8) 
The street geometry is important for the radiation balance which controls the 
temperature pattern in the city and in turn has an effect on, for example energy 
consumption and ventilation in the city. The mean ܸܵܨ of a city has been shown to 
have a good correlation with the maximum urban heat island (air temperature) for 
different cities (Oke, 1981).  
In relation with urban configurations and its energy performance, Mills studied the 
role of building group configuration in controlling the heating and cooling abilities of 
structures (Mills, 1997). The sky view factor is taken as a measure of night time 
cooling potential. The results show that group design can have a significant impact 
on the thermal stresses experienced by individual buildings. 
2.3.7 Sky Exposure Factor 
In a dense urban environment where buildings are located in close proximity and 
the level of visual obstruction due to the presence of large built volumes is relatively 
high, the view towards the sky and surrounding environment is usually significantly 
obstructed. Several impacts as the result of this obstruction can affect daylight 
access or perceived confinement for the building occupants. However, an increase in 
sky exposure may also lead to excessive solar radiation on building surfaces, which 
leads to higher solar gain and more frequent mechanical cooling usage. Notably in 
tropical climate, sky exposure may compromise thermal comfort without proper 




Related to this research, sky exposure is an important parameter within urban 
texture since it can influence building energy consumption. Thus, this indicator is 
used to account for the shading effect by surrounding buildings in densely built urban 
centre, SkyEF can be defined as the ratio of the solid angle of the sky patch visible 
from a certain point on a building’s facade to the solid angle of the hemisphere 
centred at the same point, and represents the “geometric definition” of Sky View 
Factor (Hii et al., 2011; Ji et al., 2011). This term is different with Sky View Factor 
since the latter one is derived from the concept of “view factor”, which is a geometric 
ratio that expresses the fraction of the radiation output from one surface that is 
intercepted by another (Oke, 1987). Figure 2.19 further illustrates the difference 
between SVF and SkyEF.  
 
Figure 2.19. Sky Exposure Factor (left) and Sky View Factor (right) (Johnson and Watson, 1984). 
2.4 Urban Texture, Microclimate, and Energy Performance 
Determination of energy performance solely on its compactness as has been 
done by Martin and March (see Chapter 2.3.1) could be misleading and leave many 
eliminating the complexities found in real urban sites, particularly climate aspect. For 
example, in addition on evaluating different generic forms on a hot-dry climate, Gupta 
also analyzed the solar exposure with respect to building form parameters (Gupta, 
1987). He went further in investigating the link between solar exposure per unit 





Kikegawa et al. (2003) addressed the significance of regional meteorological 
conditions and its interactions with buildings on evaluating impacts of heat island on 
buildings’ energy demand on a citywide scale. The reason is because of the uneven 
surface air temperature distribution throughout the urban area, under different urban 
forms and land covers. Factors which affect urban air temperatures such as solar 
radiation, waste heat release, heat capacity, and ventilation rate, depends on local 
canopy structure at the city-blocks scale. Sky view factor is considered as the 
important urban metric to deduce dominant heat source in the urban canopies, since 
it is able to identify the urban structure (see Figure 2.20). Hence, SVF as geometrical 
index of urban canopies could help to determine suitable cooling strategies based on 
the urban form condition (Kikegawa et al., 2006).  
 
Figure 2.20. Sky view factor horizontal distribution over Tokyo. I, II, and III denote different urban canopy 
type (Kikegawa et al., 2006; Kikegawa et al., 2003). 
 
Futcher recognized the importance, but often overlooked criteria, of urban form as 
an urban energy management parameter in order to achieve target reduction both in 




climate becomes warmer, building energy management will become increasingly 
sensitive to the effects of surrounding buildings. Hence, analyzing building 
performance should look not only at a stand-alone (isolated) setting, but also to 
consider the ‘neighborhood’ approach, where urban environment has a significant 
effect on the energy performance of individual buildings (Futcher et al. (2013); 
Futcher and Mills (2013)). 
Wong et al. (2011c) also addresses the impact of urban condition variation on 
building energy consumption in the tropical climate of Singapore. A study was 
conducted involving a series of numerical calculation and building simulation of 
various cases of different urban morphologies. It was found that variables such as 
green plot ratio (GnPR), building height and density show a high degree of impact in 
altering the ambient temperature of certain location, which can be up to 0.9-1.2oC.  
In another study, Steemers et al. observed the link between building form and the 
climate factor, by identifying key environmental characteristics (Baker and Steemers, 
2000; Ratti et al., 2003; Steemers et al., 1998; Steemers et al., 1997). Again 
employing Martin and March’s generic urban forms, comparative analysis allowed the 
objective isolation of specific morphological descriptors due to the simplified generic 
urban forms and linking these form descriptors to environmental performance (e.g. 
density related to energy use). 
Figure 2.21 illustrates the significant of climate consideration on determining 
energy performance of certain urban texture, addressed by Ratti et al. in their study 
by considering different urban forms and various heat gain intake from three different 
cities (Ratti et al., 2003). They highlighted the fundamental of climate zone 
specification before conducting any environmental research on urban form, which 






Figure 2.21. Urban energy consumption studies with LT method, which incorporates several form 
descriptors and heat gains (Ratti et al., 2005).  
 
Building energy performance is currently understood as dependent upon (see 
Figure 2.22): 
[1] urban geometry, 
[2] building design, 
[3] systems efficiency, 
[4] occupant’s behaviour. 
 
Figure 2.22. Factors that affect energy consumption in buildings; according to Baker and Steemers, 
building design accounts for a 2.5X  variation, system design and occupants behaviour for a 2X variation 
each; the contribution of the urban context is not quantified (Baker and Steemers, 1992; Baker and 




It should be noted that these four points are under the control of different actors 
in the building sector: urban planners and designers in (1), architects in (2), system 
engineers in (3) and occupants in (4). Building design accounts for a 2.5 times 
variation in energy consumption, systems efficiency for a 2 times variation and 
occupant behavior for a 2 times variation. The cumulative effect of these factors can 
lead to a total variance of 10-fold. In practice, variance in energy consumption of 
buildings with similar functions can be as high as 20-fold Hence, the intriguing 
question is: “What number can be put for urban geometry times factor?” 
It is clear that urban microclimates vary greatly, both from city to city and within 
cities. As an illustration, some cities are being more affected by the ’heat island’ 
phenomenon than others. This condition results from a complex interaction between 
urban form, climate and human activity. 
Urban geometry interacts with climate, particularly in relation to the availability of 
sunlight and daylight on building facades: highly obstructed urban areas are deprived 
of useful daylight and solar gains, thus necessitating generally higher energy inputs. 
There are also indirect effects, as urban geometry affects urban microclimate. These 
changes in the urban environment result in modified energy consumption (Steemers 
et al., 1998). 
Early decisions by architects within the design development process are very 
essential to determine the long-term energy and environmental performance of a 
building. From all the design factors considered, the building design (shape and form) 
is the least likely to be changed, unless a major renovation or refurbishment takes 
place. Mechanical and engineering systems can be improved and replaceable, and 
better management can potentially improve the building performance by persuade 
the occupants to be more efficient in energy usage. Furthermore, these three factors 
(building, services, and occupants) are dependent one to another; low-energy design 





2.5 Cooling Load and Heat gains (ASHRAE, 2009) 
Heating and cooling load calculations are the primary design basis for most 
heating and air-conditioning systems and components. Particularly in the tropical 
climate, cooling load is a major issue since this climatic zone receives continuous 
solar radiation throughout the year. Hence it is common for office buildings to use 
mechanical ventilation or air conditioning to lower the temperature to occupants’ 
comfortable zone. Cooling loads result from many conduction, convection, and 
radiation heat transfer processes through the building envelope as well as from 
internal sources and system components. The variables affecting cooling load 
calculations are numerous; often difficult to define precisely, and always intricately 
interrelated.  
The cooling load from the air conditioning system depends mostly on the heat 
gains due to differences between the inside and outside temperature as well as the 
solar radiation. Internally, the estimation of cooling load for a space involves 
calculating a surface-by-surface conductive, convective, and radiative heat balance 
for each room surface and a convective heat balance for the room air. Heat gains 
from the sun can lead to an increase in internal temperatures, which increases the 
cooling load in order to lower down the inside temperature, and consequently 
increases the building energy consumption.  
Heat gain is classified by its mode of entry into the space and whether it is 
sensible or latent. Entry modes include: 
(1) Solar radiation through transparent surfaces (windows); 
(2) Heat conduction through exterior walls and roofs;  
(3) Heat conduction through ceilings, floors, and interior partitions;  
(4) Heat generated in the space by occupants, lights, and appliances;  
(5) Energy transfer through direct-with-space ventilation and infiltration of outdoor air; 




For the purpose of this study, since the scope is to analyze the external 
microclimatic impact on the urban texture, only number 1, 2, and 5 (outdoor air 
exchange) will be covered in the study; which means the focus is on the sensible 
portion of the cooling load where the external heat gains are directly added to the 
conditioned space by conduction, convection, and/or radiation. 
2.5.1 Conduction gain through exterior surfaces 
The conductive heat transfer concept occurs when a temperature gradient 
happens between two objects in contact. Thus, heat transfer occurs between the 
regions of different temperatures, directly proportional to their conductivity and in the 
direction of decreasing temperature. Using the heat balance method, which has been 
implemented in simulation software, conductive heat transfer can be calculated.  
Heat balance method comprises four distinct processes: the outside surface heat 
balance, the wall conduction, the inside surface heat balance, and the air heat 
balance as shown (see Figure 2.23). The calculations are then repeated for every 
surface enclosing the building. Although there are no arbitrarily set parameters and 
the method has been shown to closely approximate measured cooling loads 
(ASHRAE, 2009), the computation required by this approach can be intensive and 
hence usually require the use of computer programs. However, it is important to note 
that the fundamental governing equations in this heat balancing methods form the 
foundation of most methods used to approximate heat transfer through a building’s 
enclosure today. 
Conduction through a wall or fenestration is time dependent and the process can 
be represented with a thermal circuit diagram (Figure 2.24). Most heat transfer 
problems usually involve more than one heat transfer coefficient. Solving for 
conductive gain using the heat balance method would therefore involve solving the 





Figure 2.23. Schematic of heat balance processes in a zone (ASHRAE, 2009). 
 
 




To simplify this process, some models have included the surface heat transfer 
coefficients as part of the wall element. These various heat transfer coefficient are 
combined into an overall coefficient (U-value) so that the total conductive gain can be 
quantified based on the temperature gradient of the outdoor and indoor air 
temperature instead of surface temperatures.  
2.5.2 Solar Gain through windows 
Singapore’s hot and humid climate is characterized by small seasonal variations in 
temperature and relative humidity. This is due to its low latitude of 1.37°. 
Furthermore, as Singapore is located close to the equator, overheating due to solar 
radiation occurs all year round, making them undesirable. Solar gain (also known as 
solar heat gain or passive solar gain) refers to the increase in temperature in a 
space, object or structure that results from solar radiation. The amount of solar gain 
increases with the strength of the sun and with the ability of any intervening material 
to transmit or resist the radiation. Furthermore, studies have shown solar radiation 
gains through windows to be a significant contributor to the cooling load of 
commercial offices in Singapore (Chou and Lee, 1988; Chua and Chou, 2010). 
Hence it is important that solar radiation calculations be included when evaluating the 
performance of building enclosures. 
Based on ASHRAE handbook, fenestration solar heat gain has two components. 
The first component is direct transmission of solar radiation. The quantity of radiation 
entering the fenestration directly is governed by the solar transmittance of the glazing 
system and is determined by multiplying the incident irradiance by the glazing area 
and its solar transmittance. The second component is the inward flowing fraction of 
absorbed solar radiation, radiation that is absorbed in the glazing and framing 
materials of the window, some of which is subsequently conducted, convected, or 




2.5.3 Heat Gain from Fresh Air Intake 
The sensible and latent heat removal from the fresh air taken in for ventilation 
purposes (i.e. bringing the fresh air from outside conditions to the conditions of the 
conditioned space) causes a load on the air conditioning apparatus 
(Ananthanarayanan, 1996). The heat gain on account of the fresh air intake is mostly 
determined by the difference between outdoor and indoor temperature. Particularly 
for air conditioned buildings in the tropical climate, the outdoor condition is 
continuously hotter as compared to the indoor condition. The heat gained from the 
higher temperature of fresh air intake results in adding the cooling load of the air 
conditioning system.  
2.6 Analysis tools 
Sustainable design and green building study for the past few decades has been 
assisted with many advanced computer tools and simulation programs to explore 
many different aspects of a building. Energy consumption has been the main focus. 
While light, heat, and sound also have their own simulation and analysis tools, it is 
not the case for urban design. 
Many studies have looked into urban settings and configurations, such as building 
density, road pattern, canyon width, open space, as well as urban greenery, which 
play significant roles in determining the environmental quality, both within and outside 
buildings. However, the tools to analyze the correlation between these urban 





Figure 2.25. Common workflow in building thermal or energy simulation. 
 
 The traditional workflow of a building simulation process to simulate thermal and 
energy performance of a building based on several well-known tools can be 
illustrated in Figure 2.25. The simulation process commonly uses the term thermal 
load calculations, where it requires two main inputs: the model and boundary 
condition. The term ‘model’ can be described as the building in individual or collective 
form, which has been equipped with design and material/construction type data. 
These are important to assess the heat transfer process. 
 Secondly, the load calculations needs the building settings or boundary condition, 
which necessitates the information on building usage and climate/weather data. The 
latter describes the context, geographical location, and climate/weather information 
such as ambient temperature, wind, solar radiation, relative humidity etc. Most of the 
time, weather data are sourced either from the tool database or obtained from 




 Here lies the problem of context: how good (accurate) is the data given or 
obtained? They can be outdated, or more importantly, they may not reflect the 
condition of the studied area due to the impact of the surrounding buildings.  
Hence, the importance of localized weather data is generally neglected, yet 
somehow, there is enough sufficient evidence which links the relationship between 
urban geometry and microclimate condition. Most software for building simulation 
tends to concentrate on building design and its system, while overlooking urban 
geometry or surroundings. For instance, Howard et al. (1994) in their guidance on 
selecting energy programs, reviewed 33 software packages, just 10 of which take 
into account the influence of overshadowing in urban areas. 
Another problem with these building energy analysis tools is the offset between 
accuracy and practical considerations. Energy modelling simulation on buildings has 
been developed to a high standard in past few decades. The growing power of 
computers together with rigorous procedures for validation, relying upon high-quality 
data from test cells, has greatly increased the accuracy with which thermal models 
can predict temperatures and energy use. However, in order to obtain the potential 
accuracy up to certain level, more data is needed related to the building information, 
and these data are only available after the design is fully developed. It means that if 
the energy modelling tool is planned to be used within the design stage, then the 
traditional loop of activities occurs: testing/design modification/re-testing, etc. The 
conceptual momentum of a design team, and practical considerations, make this 
iterative process unlikely to occur. 
The outcome of studying these urban parameters aims to analyze their energy 
performances, where the first step tries to simulate their behavior. There have been 
many energy models and techniques for this purpose in recent years. However, 
these models usually adopt the perspective of the building designer, where it sees a 
building as a self-defined entity, neglecting the importance of its surrounding 




short, the study of geometry effect on energy consumption on bigger scale (district or 
local) still remains understudied and controversial.  
Furthermore, building energy simulation models usually require detailed building 
parameterizations and knowledge of heating, ventilation, and air conditioning (HVAC) 
configurations as inputs, which can be impractical for urban planners whose aim is to 
guide the physical development of the urban landscape in a sustainable manner. To 
be useful to most urban planners, the tool must not require an extensive technical 
background and should make use of readily available information. 
2.7 Summary and Knowledge Gaps 
 The literature review can be summarized as seen in Table 2.2 and 2.3, where it 
focuses mainly on: (1) urban texture variables and their impacts on microclimate and 
(2) the relationship between urban texture, microclimate, and energy performance. 
Table 2.2. Urban Texture Variables and their relationship with microclimate studies. 
 Urban Texture Information >> Microclimate 
1 Plot Ratio/Floor Area Ratio 





• Building density 
indicator 
• A standard indicator for 
the regulation of land-
use zoning and 
development control. 
• Expresses the intensity 
of an area. 
 
(Cheng, 2009; Cheng and 
Steemers, 2010; Pont 
and Haupt, 2004, 2010; 
Salat, 2011) 
• Used as control 
parameters for solar 
potential and daylight 
availability. 
 
(Cheng, 2009; Cheng 
and Steemers, 2010; 
Compagnon, 2004; 
Martin and March, 1972; 
Pont and Haupt, 2004, 
2010) 




• Building density 
indicator 
• Proportion of the site 
area covered by the 
building 
• Expresses the 
compactness of an 
area. 
• To prevent over-build 




(Cheng, 2009; Pont and 








 Urban Texture Information >> Microclimate 
3 Open Space Ratio (OSR) 
 
 
• Expresses the 
pressure on the non-
built space. 
• A measure of the 
amount of non-built 
space at ground level 
per square metre of 
gross floor area 
(spaciousness). 
 
(Pont and Haupt, 2004, 
2010) 
 
• Daylight availability  
• No specific studies on 
microclimate 
 
(Pont and Haupt, 2004, 
2010) 
 






• Building density and 
regulatory control. 
 
(Cheng, 2009; Pont and 
Haupt, 2004, 2010) 
 
 
• Used as control 
parameters for solar 
potential. 
• Variable used to 
determine Sky View 
Factor (SVF). 
 
(Cheng, 2009; Gupta, 
1987; Martin and March, 






• The amount of 
exposed building 
envelope per unit 
volume 
• Characterizes urban 
forms. 
 
(Adolphe, 2001, 2009; 
Salat, 2011) 
• Affect heat 
transmission through 
the building envelope 
(solar insolation). 
• It determines losses 
through the envelope. 
 
(Adolphe, 2001, 2009; 
Ratti et al., 2005; Ratti et 
al., 2003; Salat, 2011) 




• The percentage of a 
point’s field of view 
that is occupied by the 
sky as opposed to 
urban obstructions. 
• The openness of the 
urban texture to the 
sky. 
 
(Johnson and Watson, 
1984; Matuschek and 
Matzarakis, 2010; Ratti 
and Richens, 1999; 
Schneider, 1992; Watson 
and Johnson, 1986) 
• SVF is one of the heat 
island main 
determinant. 
• At night  Determines 
the loss of longwave 
radiation 
• At day  Determines 
absorption of solar 
shortwave radiation  
 
(Arnfield, 1990; Bärring 
et al., 1985; Chapman et 
al., 2001; Oke, 1981, 











 Urban Texture Information >> Microclimate 
7 Sky Exposure Factor (SkyEF) 
 
• Ratio of the solid angle 
of the sky patch visible 
from a certain point on 
a building’s facade to 
the solid angle of the 
hemisphere centred at 
the same point. 
 
(Hii et al., 2011; Ji et al., 
2011) 
• Determines the level 
of visual obstruction 
due to the presence of 
large built volumes. 
• Parameter to study 
solar insolation 
 
(Hii et al., 2011; Ji et al., 
2011) 
 
Table 2.3. Studies which emphasize the impact of urban texture variables impact on both microclimate 
and energy. 
Parameters >> Microclimate >> Energy 






Used in Lighting Thermal 
(LT) Urban method; to 
predict the heating, lighting, 
ventilating and cooling 
energy in UK.  
 
(Baker and Steemers, 1992; 
Ratti et al., 2005) 
Ambient air temperature 
Varying density and height 
to understand the implication 
of urban forms on energy 
performance. 
 
(Wong et al., 2011c) 
Sky View Factor (SVF) 
Ambient air temperature 
1oC reduction of ambient air 
temperature could save 
building energy consumption 
up to 5%. 
 
(Chen and Wong, 2006; 
Wong and Chen, 2009a) 
Mean UHI instensity 
(urban – rural) 
10oC of UHI intensity 
doubles the cooling load of 
urban buildings (3x in higher 
temperature). 
 
(Santamouris et al., 2001b) 
Building dimension 
Building distance 




Empirical model is used to 




(Kikegawa et al., 2006; 




Parameters >> Microclimate >> Energy 
Urban canyons geometry 
(SVF, Height/Width) 
Window wall ratio (WWR) 
Daylight availability 
Solar Gain 
Geometry of urban canyons 
has a relative impact on total 
energy consumption (up to 











• Focusing on daytime 
occupation (day time 
solar heating) due to 
office usage. 
• Comparing stand-alone 
and urban setting 
scenario. 
 
(Futcher et al., 2013; 
Futcher and Mills, 2013) 
 
There are also other several important findings from the literature review which 
can be summarized as follow: 
 Due to urbanization, more people are living in the urban area, particularly in the 
tropical Asia region. Consequently, these cities have increased in size, both 
horizontally and vertically. This phenomenon has been continuously implicated the 
deterioration of urban microclimate condition (temperature increase and pollution).  
 The urban boundary layer microclimatic condition is very dynamic and complex, 
either due to geographical location or urban morphology conditions. Hence, this 
results in microclimate variation from city to city and within cities, creating an 
“urbanized” microclimate condition which differs from the rural or overall climate 
characteristic.  
 Due to its complexity, studies on microclimatic impact on buildings are often 
segregated, mostly focusing on one or two particular aspect, such as wind, 
ambient temperature, solar radiation, etc.  
 In tropical urban area, such as Singapore, solar radiation is the most significant 
aspect on heat gain receivable by building façade. Due to its geographical 




weather variation. As a result, most buildings in Singapore rely on mechanical 
ventilation to achieve indoor thermal comfort, where the energy usage for cooling 
load is dependable on outdoor weather condition.  
 
Furthermore, the literature review also highlights some knowledge gaps which 
have potentials for further research within urban microclimate field study: 
 Despite the evident relationship between urban geometry and energy 
consumption, this link is generally neglected, possibly because of the complexity 
of the environmental processes involved. Thus, many analysis and simulation 
tools on building energy performance perform detail calculation but only at 
individual state (standalone building). 
 Urban texture variables such as FAR, SC, and OSR have not been directly 
linked with microclimate and energy studies. 
 Current simulation tools see ‘Building’ as self-defined entities, which mostly 
focus on building design and its system efficiency. In reality, buildings are placed 
in a group or cluster, creating street canyons and providing shading to both 
street and other buildings. In addition, there are only a handful of studies which 
overview the impact of microclimatic condition on buildings within district level, 
and vice versa.  
 Difficulties in obtaining accurate energy performance simulation on urban scale 
are mainly because there are too many parameters to handle. Overall, there are 
two big components, the climate factor and the urban model. Climate factor 
comprises outdoor temperature, wind, solar radiation, etc.; while urban model 
relates with the building forms and density. Once again, there are limited studies 





 “Urbanized” context creates “Local microclimate” condition, which usually not 
reflected in simulation weather data. The impact of using “urbanized” weather 
data in simulation has not been acknowledged thoroughly. 
 Most building simulation software use weather/climate data file originating from 
weather stations, which are commonly located at rural area. Hence, the data 
recorded may not reflect the urban condition, if the scenario is located at the 
urban area. This highlights the necessity on obtaining or generating “urbanized” 
weather data before conducting microclimate analysis on a certain case study in 
an urban area. 
 Since most urban climatic studies deal with scientific findings and conclusions, 
they might seem to be impractical for practitioners such as urban planners and 
architects, particularly for those who are not exposed with climatology field. 
Hence, there is a need to bridge this “scientific gaps” between researchers and 
planners in order to fully optimize the use of research study. Several notable 






CHAPTER 3 HYPOTHESES AND RESEARCH METHODOLOGY 
3.1 Hypothesis 
From literature review, it has been found that urban context is an important factor 
in determining building energy consumption; although current studies on quantifying 
this factor are somehow limited due to the complex relationship between urban 
texture and microclimatic condition. 
In previous chapter, many studies highlight the role of urban form on shaping the 
microclimate condition. Due to natural surface modifications by man-made structure, 
this creates a vastly different environment condition compared to a less urbanized 
area (rural). Hence, because of this locality aspect, one should fundamentally 
consider the urbanized condition before embarking on microclimatic analysis.  
This urbanized condition has become increasingly significant once it is related 
with overall energy consumption in cities, particularly in a tropical city such as 
Singapore; where almost every non-domestic/office buildings are using air 
conditioning or mechanical ventilation to overcome the uncomfortable heat from solar 
radiation and high outdoor ambient temperature.  
This study examines the impact of urban form (either individual or collective 
buildings) on energy performance by using office building typology as a template. 
Moreover, this study also offers a new perspective on energy study at urban scale by 
demonstrating that when urban context is considered during energy management, 
the overall performance of an urban system can be significantly improved. In the end, 
this study highlights that as the society move forward into a low energy future; the 








Hence, the hypothesis is formulated as follow: 
 Urban texture with form and density variations within a district level will have 
different energy performance, because certain building configurations and 
layouts have an impact on envelope thermal performance with regards to heat 
gains receivable, particularly in tropical climate. 
3.2 Methodology 
The methodology chart (see Error! Reference source not found.) illustrates the 
step-by-step workflow for the overall research process. After performing the 
background study, research problems have been able to be identified. In addition, 
literature review provides information on current and related studies as well as 
pinpoints the notable knowledge gaps. These knowledge gaps are deemed important 
on generating both research objectives and hypothesis. 
 A more comprehensive chart (see Figure 3.2) displays a more detailed workflow 
on the parametric study phase, where it involves scenario building and microclimatic 
data preparation which will be used for building energy simulation. Several tools are 
utilized within this phase: 
1. STEVE tool in conjunction with GIS for local temperature prediction 
2. Skyhelios to obtain sky view factor (ܸܵܨ) values 















3.3 Parametric Study 
Many scholars worldwide have conducted researches on parametric studies that 
led to simple design guidelines for planners due to their practicality. Moreover, many 
lasting design understanding and guidelines started with the use of these studies, for 
example: 
 Givoni studied the use of wing walls for room air ventilation, which has now 
been adopted by the Hong Kong government for its new generation of 
performance based regulation (Givoni, 1969). 
 Hawkes studied the relationship between block spacing and daylight 
performance which led to a site planning guide in UK (Hawkes, 1970). 
 Baker and Steemers studied the relationship between window size and 
thermal-light energy performance. It resulted in the development of the 
European LT method (Baker and Steemers, 1992; Baker and Steemers, 
2000). 
 Chan et al. (2001) studied urban pollution dispersion using CFD models. This 
has been quoted in the Urban Design Guidelines of Hong Kong. 
 Chua and Chou (2010) explore various variables which affect the energy 
performance on both domestic and commercial buildings in Singapore, by 
using Residential Envelope Thermal Transmittance Value ( ܴܧܸܶ )  and 
Envelope Thermal Transfer Values ( ܧܸܶܶ ). These indexes have been 
developed and used as main performance criterions within Green Mark 
legislation, particularly for evaluating façade performances toward solar heat 
gain. 
 
Many other studies have also employed parametric approach to explore and 




experiments, one can analyze which parameters stands out to be a vital component 
regarding the research objective. Some examples are, as follows: 
 Gupta (1987) was interested in evaluating thermal response of non-air-
conditioned building forms in the context of a hot-dry climate. He employed 
three generic building forms—pavilion, street and pavilion-court. He went 
further to investigate the link between solar exposure per unit surface area of 
building and discomfort, with implications for heating and cooling energy 
consumption. 
 Ng (2006) embarked on a parametric study demonstrating that better overall 
performance for lighting and air ventilation could be obtained by varying the 
skylines. To mimic conditions of urban neighborhood, block models were 
used by varying the heights and street width, which in the end were tested on 
wind tunnel to study air movement while virtual models were developed for 
simulation purpose in order to explore daylight performance. The same author 
also performed parametric methodology on observing building porosity to 
improve urban ventilation (Yuan and Ng, 2012). 
 Andreou and Axarli (2012) aim in presenting the results obtained by the 
comparison of the two sites and in analyzing the effect of parameters such as 
urban layout, street geometry and orientation on urban canyon microclimate, 
with special reference on the characteristics of traditional architecture of the 
Cycladic islands. Also, the parametric analysis aims in investigating the 
parameters involved and their degree of influence on urban canyon 
microclimate. 
 Amado and Poggi (2013) used parametric approach on urban planning 
process which focuses on solar energy potential directing its implementation 
to urban areas. This study aims to contribute towards solar urban planning 
practices which promote the energy transition to solar power implementation 




However, using parametric approach for this study has its both advantages and 
disadvantages. The advantage of using parametric study in lieu of studies based on 
realistic circumstances is, issues could be isolated and simplified to reduce noise and 
error. Moreover, it is also much easier to design experimentally, since variables are 
controllable by the user. The disadvantage is results obtained could not be directly 
and readily related to the real problems. In most cases, results could only indicate the 
“likely” sensitivity of the performance due to a parameter; it provides a sense which is 
sufficient initially.   
3.4 Scenario Builder 
The parametric study involves multiple urban texture scenarios, with regards to 
density and forms. All scenarios options are assumed to be on the same district 
configuration, where buildings are inside 6 (six) plots of 100m x 100m, surrounded by 
rows of two-story buildings as buffer area. The building plots are put together into a 
hypothetical district of an urban area, which resembles the typical grid pattern of city 
centers or commercial district in major cities, including Singapore (see Figure 3.3).  
 




This study does not limit itself by implementing a single rectangular form only, in 
which other similar studies usually do. In order to try out various probabilities of 
building forms, a systematical scenario builder was applied.  
Based on the literature reviews on urban indices, several variables have been 
selected for scenario builder to generate multiple scenarios, such as: Site Coverage 
( ܵܥ ), Gross Floor Area ( ܩܨܣ ), Plot Ratio, forms, and number of massing 
(compactness). In order to limit the number of scenarios and avoid complicated 
dimension values, a parent-child systematic scenario builder was made with the 
following steps: 
3.4.1 “Parent” Scenario 
 
Figure 3.4. Compilation of all 'parent' scenarios, with site coverage and height increments. 
 
1. For every parent scenario, the rectangular shape is the main building form to 
be varied in different sizing, by first adjusting the site coverage (to determine 




the building footprint values can be obtained by multiplying the site coverage 
with plot size, which in this case is fixed at 100m x 100m or 10,000m2.  
2. The next step is to determine the building height by adjusting the number of 
floors, (floor-to-floor height is fixed at 3.5 m), starting from 2, 4, 6, 10, 15, and 
finally 20 stories. All buildings are assumed to have a typical floor area.  
3. Thus, with the building footprint and number of stories configured properly, 
the following variables can be obtained accordingly: ܩܨܣ , Plot Ratio, and 
building volume.  
3.4.2 “Children” Scenario 
1. The definition of a ‘child’ scenario refers to the variation of building forms 
apart from its parental rectangular shape. Every ‘parent’ scenario is followed 
by several options of building form variation and preserves its size 
parameters from the parent scenario (site coverage, height, total ܩܨܣ and 
volume).  
2. The form comprises two types: singular and multiple massing. 
3. Singular type comprises rectangle (parent), slab, and plus shape building.  
a. The Slab shape length is fixed at 100m wide, stretched from one end 
to another, where the dimension follows accordingly to maintain the 
same footprint size as its parent scenario. Furthermore, the slab has 
two further variations, by rotating it into North-South and East-West 
orientation.   
b. The Plus (+) shape has the same length for all the edges while still 
maintaining the same area and volume as its parent scenario.  
4. Multiple massing type comprises 2, 4, 9, and 16 numbers of buildings within 
the plot, where some of them use either rectangular or slab shape. The floor 
area is equally divided into the number of buildings. Specifically for 2 and 4 




(North-South oriented) and B (East-West oriented) slab. Figure 3.5 displays 
the schematic on how the children scenarios are varied. While Figure 3.6 and 
illustrate the grid placement for the building massing, and Table 3.1 provides 
the calculation method of footprint dimension for each scenario. 
 












Table 3.1. Formula table for required width/length determination. 
1 Rectangle ܮ݁݊݃ݐ݄ ൌ ݔ ܣݎ݁ܽ ሺܣሻ ൌ ݔଶ 
2 Slab ܽ ൌ ܣ/100 
3 Plus ܾ ൌ ௫√ହ ; ܾ ൏ 33.3 ݉  
4 2 Buildings (i) ܿ ൌ ටܣ 2ൗ  ; ܿ ൏ 50 ݉ 
5 2 Buildings (ii) ݀ ൌ
ܣ 2ൗ
ݔ  
6 4 Buildings (i) ݁ ൌ ටܣ 4ൗ  
7 4 Buildings (ii) ݂ ൌ
ܣ 4ൗ
ݔ  
8 9 Buildings ݃ ൌ ටܣ 9ൗ  
9 16 Buildings ݄ ൌ ටܣ 16ൗ  
 
Furthermore, each of these scenarios are put within a hypothetical district layout, 
resembling a CBD neighborhood as shown in Figure 3.7. The 6 plots are divided into 
2 rows, each with 3 plots attached side by side. A 20 m wide road network divides 
the plots, and several 4-story buildings are placed on the perimeter, to act as the 
buffer zone. For simulation, each neighborhood or district has 6 typical plot regarding 
its scenario configuration. An illustration of a complete set of parent and its children 
scenario can be seen in Figure 3.8. 
 









3.4.3 Scenario naming and examples 
In order to to create a unique identification for each scenario, the following naming 
procedure has been implemented: by using XX-YY-ZZ template, XX indicates the site 
coverage value, YY indicates the number of stories, while ZZ represents the 
configuration type. XX and YY values are based on parent scenarios variation, which 
can be observed from Figure 3.4, while ZZ follows numbering of massing variation  
which has been illustrated in Figure 3.8. For example, scenario with ID number 30-
15-08 represent a scenario with 30% site coverage, 15-story high, and with urban 
configuration type 8 (the layout comprises 4 rectangular buildings). 
The complete tabulation of the scenarios built with this methodology can be seen 
on Appendix 12.4, where a total of 462 scenarios has been generated. Some 
examples from the scenario builder result can be seen from Figure 3.9, which shows 
the variations from buildings with plot ratio of 3. Another example (Figure 3.10) 
displays several scenarios that has similar wall areas (± 180,000 m2). Each scenario 
has been differentiated and characterized by its urban parameters (form, height, site 
coverage, compactness, etc.) which will be used to develop comparison matrix 
comprising all the built scenarios.  
 






Figure 3.10. Scenario examples which has the similar surface area of ±30,000 sq m. 
 
The complete tabulation of all scenarios along with the relevant information can be 
seen in both Appendices 12.3 and 12.4. Appendix 12.3 displays the tabulation data 
of scenarios at the site level, where it shows the aggregation of building massing, 
floor area, surface area, and volume. While Appendix 12.4 displays the area 
averaged urban geometry variables, which were obtained by aggregating all the 
buildings within the district boundary lines. 
3.4.4 Obtaining Sky View Factor (ܸܵܨ) 
To obtain the ܸܵܨ  values for each scenario, an open-source software named 
Skyhelios was utilized, which was developed by Matuschek and Matzarakis (2010). 
The tool has the function to calculate SVF values from a certain urban area, where 
the input files could be a raster or vector image (Matzarakis and Fröhlich, 2010). The 
concept of using SkyHelios within the applied climatology field is by calculating 
continuous sky view factor and sunshine duration in high spatial and temporal 
resolution by using the graphic processor. The building shape file (.shp format), a 






Figure 3.11. Screen shot of SKYHELIOS software to obtain SVF values of  an urban area (Matuschek 
and Matzarakis, 2010) 
 
Traditionally, obtaining ܸܵܨ values in the urban area was to utilize camera with 
fisheye lens, taking a 180 degree photograph looking into the sky at 1 meter height. 
Using a computer software such as Skyhelios to model ܸܵܨ  in a complex urban 
environments provide benefits such as that is it no longer required to actually go out 
and take a picture (a process in which a lot of errors can occur), also can be easily 
calculated from digital models of the environment (e.g. by using GIS). ܸܵܨ calculation 
within Skyhelios can refer to Equation 2.8. 
3.4.5 Obtaining Sky Exposure Factor (ܵ݇ݕܧܨ) 
 Similar with ܸܵܨ, obtaining ܵ݇ݕܧܨ would require another tool named Houdini, a 3D 
animation software which implement procedural dataflow modeling; which is a 
procedural approach to create parametric models. It allows designers to efficiently 




the design model for each scenario. Such systems are used by architects and 
engineers to automate the design processes and accelerate design iterations (Hii et 
al., 2011; Ji et al., 2011). 
 For this study, a series of customized Digital Assets (DA) tools were developed in 
Houdini to calculate ܵ݇ݕܧܨ for building facade. The first step is to subdivide the wall 
surfaces of every scenario into a series of small polygons, this case a 3 by 3 meter 
grid (using assumptions that floor to floor height is 3 meter). Secondly, from the 
centroid of each polygon a series of evenly distributed hypothetical rays, each 
representing the same solid angle, were shot out towards a hypothetical hemisphere 
representing the sky dome, some of them being blocked by surrounding surfaces and 
the others being able to reach the sky dome without being obstructed. Thirdly, the 
ܵ݇ݕܧܨ value was obtained for each centroid as the ratio of the total number of the 
rays reaching the sky dome to the total number of rays. Lastly, every wall surface 
obtains its own ܵ݇ݕܧܨ value by averaging the whole centroid ܵ݇ݕܧܨ data.   
3.5 Local Weather Data 
Before conducting the building simulation process, it is essential to have the 
appropriate boundary condition to obtain more accurate output. Contextually, urban 
area has a large variety of forms and surface characteristic. Hence, the microclimate 
of a certain area or district is influenced by several urban elements, such as the 
urban geometry, greenery, and surfaces properties. For the study coherence 
purpose, it is necessary for a building simulation software or tool to implement the 
‘local’ weather data as the boundary condition before calculating the cooling load or 
energy output. This issue of local or urbanized microclimate condition has been 
highlighted in the literature review, based on some established studies on similar 
topic (see Chapter 2.2.4). The following section highlights on generating local 




3.5.1 Local Outdoor Air Temperature 
Research concluded that in the Singapore context (as a tropical urban role 
model), the changes of outdoor temperature depends on the urban morphology, and 
its pattern is closely related to urban land use. In general, parameters such as 
amount of greenery, height of buildings and the width of canopy have been 
discovered to have direct impact on urban air temperature. Furthermore, both 
interaction between these surfaces and the ambient conditions form the basis of 
urban climate models that has been used to calculate the microclimate air 
temperature in an urban estate (Jusuf et al., 2007; Wong et al., 2011c). 
The hourly outdoor temperature needs to be developed and generated due to the 
requirement for energy simulation. For such purpose, quantification of external air 
temperature variation can be done by using Screening Tool for Estate Environment 
Evaluation (STEVE) tool. STEVE tool is able to produce the predicted minimum, 
average, and maximum temperature (	 ௠ܶ௜௡, ௔ܶ௩௚ and ௠ܶ௔௫ሻ. These outputs are then 
transformed into annual 24-hour temperature profile. 
STEVE tool calculates the outputs from a point of interest based on a 50m radius 
in an urban built up area in Singapore. These prediction models were based on the 
empirical data collected over a period of close to 3 years as part of the development 
of an assessment method to evaluate the impact of estate development, which 
includes the assessment method of existing greenery condition (Wong and Jusuf, 
2008a) and greenery condition for a proposed master plan in an estate development 
(Wong and Jusuf, 2008b). 
Daily ௠ܶ௜௡ , ௔ܶ௩௚  and ௠ܶ௔௫ temperature of each point of measurements were 
calculated as the dependent variable of the air temperature prediction model. The 
independent variables for the models can be categorized into: 
 Climate predictors: daily minimum ( ܴ݂݁	 ௠ܶ௜௡ ), average ( ܴ݂݁	 ௔ܶ௩௚ ) and 




radiation (ܱܵܮܣܴ). For the ܱܵܮܣܴ predictor, average of daily solar radiation 
total (ܱܵܮܣܴݐ݋ݐ݈ܽ) was used in ௔ܶ௩௚models, while average of solar radiation 
maximum of the day (ܱܵܮܣܴ݉ܽݔ ) was used in the ௠ܶ௔௫  model. SOLAR 
predictor is not applicable for ௠ܶ௜௡ model. These data are obtained from the 
weather station.  
 Urban morphology predictors: percentage of pavement area over R 50m 
surface area (ܲܣܸܧ), average height to building area ratio (HBDG), total wall 
surface area (ܹܣܮܮ), Green Plot Ratio (ܩܴ݊ܲ), sky view factor (ܸܵܨ) and 
average surface albedo (ܣܮܤ). These data are provided by the government 
agency and cross-checked by field survey.  
Wind speed, one of the most common variables, was excluded in the model 
development, since the models focus on calm day conditions (wind speed < 3 m/s). 
Meanwhile another common variable, altitude was excluded from the model 
development since the data collected showed that altitude has a very little influence 
on air temperature condition.   
 The air temperature regression models were developed based on the data 
collected over a period of close to 3 years. It is necessary to validate the models with 
another period of measurement data, which in this case, with fairly clear and calm 
day conditions (wind speed <3m/s). 
 The air temperature prediction models can be written as follows: 
௠ܶ௜௡ ൌ 4.061 ൅ 0.839	ܴ݂݁	 ௠ܶ௜௡ ൅ 0.004	ܲܣܸܧ െ 0.193	ܩܴ݊ܲ െ 0.029	ܪܤܦܩ ൅
1.339ܧି଴଺	  (3.1) 
௔ܶ௩௚ ൌ 2.347 ൅ 0.904	ܴ݂݁	 ௔ܶ௩௚ ൅ 5.786ܧି଴ହܱܵܮܣܴ௧௢௧௔௟ ൅ 0.007	ܲܣܸܧ െ 0.06	ܩܴ݊ܲ െ
0.015	ܪܤܦܩ ൅ 1.311ܧି଴ହܹܣܮܮ ൅ 0.633	ܸܵܨ (3.2) 
௠ܶ௔௫ ൌ 7.542 ൅ 0.684	ܴ݂݁	 ௠ܶ௔௫ ൅ 0.003	ܱܵܮܣܴ௠௔௫ ൅ 0.005	ܲܣܸܧ െ 0.016	ܪܤܦܩ ൅





STEVE tool calculation requires temperature profile reference data (see Equation 
3.1 to 3.3) in which such data have been obtained from Singapore Changi MET 
station. The required reference data are the minimum, average, and maximum 
temperature (ܴ݂݁	 ௠ܶ௜௡, ܴ݂݁ ௔ܶ௩௚  and ܴ݂݁	 ௠ܶ௔௫ ), which are based on the MET station 
annual 1980-1999 historical data. Such data were acquired from the National 
Environmental Agency (NEA), which reflected Singapore ambient temperature 
condition for the past two decades.  
Preliminary studies have been done to showcase the STEVE tool capability on 
predicting ambient temperature using real urban sites. These studies can be 
observed in Appendix 12.1 and 12.2. 
 However, the current STEVE tool has its own disadvantage such as context 
limitation. This is because STEVE tool is an empirical model based on field 
measurement data, hence the analysis cannot be performed at temperate climate 
cities due to different weather characteristics. Furthermore, STEVE tool also does not 
consider the impact of waterbody on ambient temperature.  
3.5.2 Generating 24-hour temperature profile. 
The collected Changi MET station data are used in conjunction with STEVE tool 
predicted temperatures to develop an empirical model (see to Equation 3.4 to 3.6) 
that is capable of generating a 24 hour profile temperature data for a typical day of 
each month in a year. It is important to note that the modified weather data 
represents typical rather than extreme weather conditions. 
If ܺ௧ ൏ ܺ௔௩௚, 
 ௧ܶ ൌ ௠ܶ௜௡ ൅ ሺܺ௧ െ ܺ௠௜௡ሻ ሺ௑೘ೌೣି௑೘೔೙ሻሺ௑ೌೡ೒ି௑೘೔೙ሻ²
ሺ்ೌ ೡ೒ି்೘೔೙ሻ²
ሺ ೘்ೌೣି்೘೔೙ሻ (3.4) 
 
If ܺ௧ ൐ ܺ௔௩௚, 
 ௧ܶ ൌ ௠ܶ௔௫ െ ሺܺ௠௔௫ െ ܺ௧ሻ ሺ௑೘ೌೣି௑೘೔೙ሻ൫௑೘ೌೣି௑ೌೡ೒൯మ
൫ ೘்ೌೣି்ೌ ೡ೒൯మ
ሺ ೘்ೌೣି்೘೔೙ሻ  (3.5) 





To illustrate, ܰ is the number of days in month	m and ܺௗ,௧ is the recorded outdoor 
air temperature by the meteorological station (in this case from Changi MET) on 
day	݀ at hour	ݐ.	ܺ௧, which is also denoted by 〈ܺௗ,௧〉௠, is defined to be the variable ܺௗ,௧ 
averaged over the number of days ܰ for each hour	ݐ in month	݉; which in the end 
producing a 24 hour profile of averages. As an example, 〈 ଵܺ〉ଶ  represents the 
average of all air temperatures recorded at Changi meteorological station at 1am in 
the morning for February (month no. 2). The complete reference dry bulb 
temperature data can be seen in Appendix 12.5. 
The temperatures ( ܺ௠௜௡ , ܺ௔௩௚  and ܺ௠௔௫ ) represents the average minimum, 
average, and maximum reference temperatures recorded from Changi 
meteorological station for month	݉ . These values are then used for STEVE to 
calculate	 ௠ܶ௜௡ , ௔ܶ௩௚  and ௠ܶ௔௫  respectively. The finalized reference data for STEVE 
tool input can be seen in Table 3.2.  
Table 3.2. Reference data input for STEVE tool to generate annual temperature profile data. 
Months 








Jan 24.49 26.46 29.18 4707.94 693.61 
Feb 24.82 27.09 30.48 5312.70 780.70 
Mar 25.27 27.50 30.40 5259.06 771.66 
Apr 25.76 27.94 30.61 4666.93 693.29 
May 26.22 28.19 30.45 4512.22 671.67 
Jun 26.45 28.29 30.39 4416.08 647.38 
Jul 26.15 27.87 29.87 4438.66 638.35 
Aug 26.13 27.77 29.74 4443.42 645.51 
Sep 25.66 27.56 29.70 4546.95 666.00 
Oct 25.26 27.49 29.96 4337.44 645.09 
Nov 24.86 26.91 29.53 3977.73 590.41 





STEVE tool calculation process was conducted under Geographic Information 
System platform called ArcGIS. For each scenario, 10 measurement points were 
deployed within the hypothetical district area (see Figure 3.12 for measurement point 
locations). The temperatures predicted are due to the influence of surrounding 
physical condition (e.g. buildings, roads, and greenery). These urban morphology 
factors were measured and compiled in GIS. The final values for each 	 ௠ܶ௜௡, ௔ܶ௩௚ and 
௠ܶ௔௫  is the average from all 10 measurement points, which represents the ‘local’ 
ambient temperature for that particular scenario. Then, these outputs are transferred 
to the empirical model (Equation 3.4 to 3.6) to generate local 24-hour temperature 
profile for each scenario. 
 
Figure 3.12. Measurement points deployment (total 39 points) on each scenario, to acquire local 
temperature data. 
 
3.5.3 Altitude influence on outdoor air temperature 
Since both predicted and recorded temperature data were measured at 1.5 meter 




consideration. This is similar to the molecular-scale temperature model which has 
been implemented within EnergyPlus, a building energy simulation program (UIUC 
and LBNL, 2012). Air temperature variations can be defined by a series of connected 
segments that are linear in geopotential altitude up to 32km. For the purpose of 
modeling buildings in this study, it is necessary to consider the variations in the 
troposphere, which can be defined by the following equation: 
  ௭ܶ ൌ ௕ܶ ൅ ܮሺܪ௭ െ ܪ௕ሻ (3.7) 
ܮ is the gradient of air temperature, which equals to a rate of -6.5 K/km up to a 
geopotential altitude of 11km (U.S. Standard Atmosphere 1976). The geopotential 
altitude ܪ௭ and geometric altitude ݖ are almost the same in the lower atmosphere and 
can be calculated by using  (3.8 (UIUC and LBNL 2011). Geometric altitude is 
defined as the height above ground level and the geopotential altitude at ground level 
ܪ௕  is equal to zero. 
  ܪ௭ ൌ ாൈ௭ሺாା௭ሻ (3.8) 
Since it has been a common practice where air temperatures are usually 
measured about 1.5 meters above ground level, air temperature at ground level,  ௕ܶ 
can be derived by inverting  (3.7 to produce  (3.9. Hence, at 1.5 meters above 
ground level, ௕ܶ ൌ ௭ܶ,ଵ.ହ ൅ 6.5ሺ0.0015ሻ.   
  ௕ܶ ൌ ௭ܶ,௠௘௧ ൅ 6.5 ቀாൈ௭೘೐೟ாା௭೘೐೟ െ ܪ௕ቁ (3.9) 
In the end, the final annual ‘local’ temperature profile for each scenario has 
considered not just the surrounding urban surface and geometry condition, but also 
the altitude influence on higher level of ambient temperature. This methodology on 
producing local temperature profile has also been used on validating STEVE tool on 
predicting outdoor temperature; by comparing the prediction results with field 




3.5.4 Solar Radiation Quantification for Weather Data 
Quantification of incident solar radiation falling on building surface requires both 
direct and diffuse components, where these two components determine the day 
condition, whether it is a cloudy or clear day. Thus, these two components need to be 
distinguished. However, in many meteorological stations only global solar radiation 
data are recorded. Hence, the magnitude of direct and diffuse solar radiation can be 
determined by using empirical correlations. In 1960, by using measured data from 
Blue Hill, Massachusetts in the United States, (Liu and Jordan, 1960) were the first to 
present significant relationship between global solar radiation along with its diffuse 
components. Another study by (Ruth and Chant, 1976) showed that although the 
correlations had provided an excellent method for estimating the diffuse components, 
they were latitude dependent and not generally applicable.  
Hence, Hawlader (1984) developed correlations for separating the diffuse 
component from measured values of global radiation, using previously measured 
weather data in comparison with hourly global radiation recorded by the 
Meteorological Stations in Singapore. Consequently, this method is applicable for 
Singapore region. These correlations are shown in Equation 3.10 to 3.12. 
ሺܭௗሻ௧ ൌ 1.1389 െ 0.9422ሺܭ்ሻ௧ െ 0.3878ሺܭ்ሻ௧ଶ	 ݂݋ݎ	0.225 ൑ ሺܭ்ሻ௧ ൑ 0.775 (3.10) 
ሺܭௗሻ௧ ൌ 0.915	݂݋ݎ	0 ൑ ሺܭ்ሻ௧ ൏ 0.225 (3.11) 
ሺܭௗሻ௧ ൌ 0.215	݂݋ݎ	ሺܭ்ሻ௧ ൐ 0.775 (3.12) 
Where, 
Kୢ : ratio of diffuse radiation to global radiation 
K୘ : ratio of global radiation to extraterrestrial radiation 
3.6 Building Simulation 
Buildings consist of multi interdependent subsystems where their performance is 
dependent on many factors. Since the study objective is to observe the effect of 




the external heat gains), it is assumed that the boundary condition for the building 
subsystems are to be kept fixed. Perhaps this method is not ideal since realistically 
each building is unique in its own account, but this boundary condition setting will be 
able to provide a clearer picture on how a district scale energy performance may be 
affected by its form and density.  
Each of the 462 various urban texture generated by the scenario builder 
mentioned before will be subjected to energy simulation using Integrated 
Environmental Solutions Virtual Environment (IES-VE).  
3.6.1 Integrated Environmental Solutions Virtual Environment (IES-VE) 
 Virtual Environment by Integrated Environmental Solutions (IES-VE) is a modern 
example of dynamic building energy simulation software, which can perform multiple 
analyses related to environmental performance, as displayed in Figure 3.13. IES-VE 
consists of a suite of integrated analysis tools, which can be used to investigate the 
performance of a building either retrospectively or during the design stages of a 
construction project. 
 
Figure 3.13. IES-VE is capable to perform simulations on different aspect (IES, 2010) 
 
Some of the advantages are, as follow: 
• IES-VE has the ability to simulate the performance of multiple buildings within 




• IES-VE estimates the thermal transfer through building envelopes as a 
function of both short‐wave and long-wave exchanges and convection at the 
exterior surface, determining the energy required to maintain a building to the 
setpoint temperature based on the exterior climate, described in a weather 
file.  
• It accounts for the mutual shading that occurs in cities. 
• The tool has been validated in accordance with both the CIBSE TM33 2006 
and ANSI/ASHRAE 140‐2007 standards.  
Figure 3.14 to 3.16 display the step-by-step workflow from model preparation, 
boundary condition setting, solar shading calculation to performing thermal and 
energy simulation. The results are presented in terms of cooling load and heat gains 
differences against the different scenarios to allow performance patterns to be 
evaluated. 
 






Figure 3.15. Screenshot of simulated building within IES-VE 
 
 
Figure 3.16. Screen shot of solar shading calculation under SunCast. 
3.6.2 Boundary condition settings 
Since the overall study deals with non-domestic type, the buildings have been 
modeled referring to a typical office building design in Singapore. They were 
assumed to be operating on a 55-hour work week which is the typical working hour 
(Lee et al., 2004).  
Occupancy density was capped at 10 m2 per person, with maximum sensible and 




equipment was set at 8 W/m2. The infiltration schedule is the inverse of the cooling 
schedule because it is assumed that during operation, the building is pressurized and 
hence no infiltration occurs. Lighting power density and ventilation rates were kept 
constant at 15 W/m2 and 0.6 l/s.m².  
These conditions are in accordance to codes of practice in Singapore (SPRING, 
2006, 2009). Overall schedule profiles with their respective boundary conditions can 
be seen in Figure 3.17, which displays the profiles for building occupancy, lighting, 
equipment, and infiltration.  
 
 






Building materials were set to be fixed for all scenarios, where construction 
materials refer to construction materials from buildings at the CBD area. A total of 25 
commercial office buildings around the central business district in Singapore were 
surveyed to provide realistic envelope construction and combinations of envelope 
components. A detailed investigation into their envelope construction produced 27 
different generic envelope combinations (see Appendix 12.6). In the end, this 
simulation applies the commonly used construction type (by observing the U-values 
of wall and glazing) into the building models. Figure 3.18 to Figure 3.20 describe the 
material properties for wall, glazing, and roof construction respectively. For glazing 
reference, all scenarios are using fixed window-to-wall ratio (WWR) of 0.5.  
 






Figure 3.19. Glazing construction material. 
 
 




3.7 Final Deliverables 
This research is expected to deliver some outputs, as follows: 
1. An proper assessment method on observing energy performance, particularly 
the cooling load and external heat gain at district/precinct level due to the 
buildings form and density within Singapore context. 
2. An empirical model to predict the thermal load comprises both cooling load 
and external heat gains of a certain district/precinct.  
3. A matrix of urban texture, which can be used as guidance for planners on 
looking at various form and density variables which can be related with their 
energy performance. 
3.8 Importance and potential contribution of the research 
This research is expected to contribute: 
1. Assessing urban characteristic with climatic data for better planning (from 
macro to micro level). 
2. Highlighting the importance of conducting preliminary study of certain urban 
area, especially for architects and urban planners to explore different options 
and foresee the design impact on outdoor temperature, solar gain and energy 
consumption. 
3. Since the preliminary study has been done early before the detail design 
process, this process could be beneficial and not to mention saving time 





CHAPTER 4 PRELIMINARY STUDIES 
This chapter discusses preliminary studies which have been conducted prior to 
the main research. The purpose of these preliminary studies is to prepare and 
validate the appropriate tools in order to support the overall main research framework. 
The following are the conducted preliminary studies: 
1. STEVE tool validation on predicting outdoor temperature in urban area. 
This study shows the comparison of predicted temperature from STEVE tool and 
field measurement data, which took place at Shenton Way and Tanjong Pagar, 
located at Singapore CBD district. This study has been published in Journal of 
Energy and Buildings (Chong Zhun Min et al., 2013) 
2. Comparison of STEVE and ENVI-met as temperature prediction model for 
Singapore context.  
This study illustrates how STEVE tool is an appropriate tool to be utilized for the 
purpose of predicting outdoor temperature in the urban area, compared to the 
similar tool ENVI-met which too has the capability on performing the same task. 
This study has been published in International Journal of Sustainable Building 
Technology and Urban Development (Wong et al., 2012). 
4.1 STEVE tool validation on predicting outdoor temperature in urban 
area. 
4.1.1 Background and objective 
The objective of this study is to validate STEVE tool capability on predicting 
ambient temperature in urban area (Chong et al., 2012; Wong, 2012). Since literature 
review has highlighted the significance of recognizing the local microclimate condition 
before conducting urban analysis, this validation process is important towards 





To validate the predicted outdoor temperature from STEVE tool, a 2-months period of field 
measurement was conducted along Shenton Way (1°16'34.7"N 103°50'53.1"E) and Tanjong Pagar 
(1°16'44.8"N 103°50'38.1"E), both located within the CBD area (see  
 
Figure 4.2 - 4.2 for location maps and Figure 4.3 for equipment installation). A 
HOBO data logger type U12-011 was used for measurement, where the devices 
were placed on lamp posts or trees at 1.8 m to 2 m high from pedestrian level and 
inside solar shield to protect the sensor from rainwater and direct solar radiation. The 
HOBO device has a measurement range of -20°C to 70°C and has an accuracy of 
±0.35°C for temperatures between 0°C to 50°C. Temperatures were recorded at one 











Figure 4.2. Measurement points at Tanjong Pagar. 
 
 
Figure 4.3. HOBO U12-011 (left), Solar Shield mounted onto lamp post (Middle, Right). 
 
4.1.3 Analysis 
Using the weather data available from Sentosa meteorological station as 
reference, days with no rain and clear sky (high solar radiation) were selected. Daily 
measurement readings on these selected days were analyzed to find the daily 
reference maximum, average, and minimum temperature (ܺ௠௜௡ , ܺ௔௩௚  and ܺ௠௔௫ ). 
These reference values were then used as input into STEVE tool to obtain	 ௠ܶ௜௡, ௔ܶ௩௚ 
and ௠ܶ௔௫  respectively. These are the average (minimum, average and maximum) 
temperatures predicted for various points in an urban estate, after considering the 
surrounding morphology from both Shenton Way and Tanjong Pagar area. 
Similar with the methodology described in Chapter 3.5.2,  (3.4 to  (3.6 were 
used to generate 24 hour profile, by using both recorded station data and predicted 
values from STEVE tool. Finally, the temperature profiles created from STEVE tool is 
compared with the field measurement data. 
4.1.4 Results and Analysis 
Figure 4.4 (a-k) and Figure 4.5 (a-k) display the 24-hour temperature profile on 
selected days, measured along Shenton Way and Tanjong Pagar against the STEVE 




comparison is between the month of March and April of 2012 respectively. By 
observing the temperature profiles at each measurement point, it can be seen that 
there is good agreement between the predicted and measured data for both months.  
Moreover, this agreement between the measured and predicted is further 
displayed in Figure 4.6 which shows the scatter plot of predicted temperature against 
recorded temperature at every data point. The predicted temperature trend line (ݕ ൌ
1.0011ݔ) from STEVE tool closely follows the field measurement temperature (ݕ ൌ
ݔ	connected with a series of red dots). The same chart also displays the linear 
relationship between measured and predicted temperature with a high R-squared 









































































































































































































































































































































































































































































Figure 4.5a-k. Modeled versus measured 24 hour temperature profile averaged for March 
 
 





































































Furthermore, the Pearson’s chi-squared test was also conducted to measure the 
goodness of fit between the measured and predicted data. With total 528 data points, 
where each point plotted in both Figure 4.4 and Figure 4.5 is a data point, and with a 
chi-square statistic of 3.18, this shows that the chi-square statistics do not exceed the 
lower tail critical value at 1% significance level (70.065 where degree of freedom = 
100). This means due to chance, there is less than one percent chance of predicted 
value that deviates from measured data. Thus, null hypothesis is not rejected, and 
can be concluded that there is no significant difference between predicted and 
measured data.  
As illustrated in Figure 4.7, the box and whisker plot chart show the average 
maximum, average minimum and the average 25th, 50th and 75th percentile of both 
measured and predicted temperature. One can observe from the plot figure that both 
predicted and measured data have comparable ranges both between the box (25th  
and 75th percentile) and between the whiskers (minimum and maximum), with the 
measured data having a slightly higher temperature at maximum (0.2ºC) and the 75th  
percentile (0.25ºC). Moreover, the plot chart also display that the other indicators 
(minimum, 25th percentile, median and mean) appears to be similar and not 
considerably different. Hence, this encourages that the STEVE tool empirical model 
is able to calculate the typical 24 hour profile with sufficient accuracy. 
 



























4.1.5 Importance for the overall research study 
This comparison study shows that STEVE tool is capable on predicting the 
outdoor temperature in an urban area due to surrounding urban geometry and 
greenery. The good agreement between measured and predicted data supports the 
utilization of STEVE tool on obtaining the required ambient temperature data for each 
simulation scenarios which have been laid out in Chapter 3.4 for generating annual 
24-hour temperature profile. 
4.2 Comparison of STEVE tool and ENVI-met as temperature 
prediction model. 
4.2.1 Background and objective 
STEVE tool offers an alternative method in predicting local urban temperature of 
certain tropical urban area. Contextually, it was developed and built based on field 
measurement data in Singapore). This study focuses on comparing two different 
applications on assessing temperature prediction at the estate level: STEVE tool and 
ENVI-met (Wong et al., 2012; Wong et al., 2011a). The objective of the comparison 
is to understand their benefits and limitations, and also it serves as a justification in 
selecting a proper and efficient method for analyzing urban microclimate within 
Singapore urban context. 
4.2.2 ENVI-met and STEVE comparison 
ENVI-met is a CFD-based micro-climate and local air quality model (Bruse and 
Fleer, 1998). The software is a three-dimensional non-hydrostatic microclimate 
model including a simple one dimensional soil model, a radiative transfer model and 
a vegetation model (Bruse, 2010). The calculation is based on the grid (x,y) with 
specified grid distance. This resolution allows analyzing of small-scale interactions 
between individual buildings, surfaces and plants. 
The major feature differences between both STEVE tool and ENVI-met are wind 




climate context. Both ENVI-met and STEVE tool have the same capability on 
creating temperature maps as raster images. Since STEVE tool was developed and 
built based on local climate data, it is expected that STEVE tool is able to predict 
ambient temperature more representatively, which reflects the real condition. 
However, STEVE tool has a limitation since the raster image created is based on 100 
x 100 m grid interpolation process; hence, ENVI-met produces a better and more 
accurate resolution since it simulates the result pixel by pixel, and is grid dependent. 
4.2.3 Methodology 
Comparison between STEVE and ENVI-met were drawn on a scenario comprising 
five hypothetical buildings in rectangular shape, each with 48m height. In STEVE 
tool, the ground surface was assumed to be fully paved (Green Plot Ratio or GnPR 
value is zero). Similarly in ENVI-met, the soil was set to be fully paved using concrete 
material. Figure 4.8 illustrates the buildings which have been modeled in STEVE and 
ENVI-met. 
 
Figure 4.8. Model settings for STEVE (left, using GIS) and ENVI-met (right). 
 
Table 4.1 compiles microclimate and boundary condition for both STEVE and 
ENVI-met, where the climatic data refers to 6 March 2010 weather condition (the 
hottest day).  
Table 4.1. Boundary Condition for both prediction tool. 
STEVE tool ENVI-met 
 RefTmax, RefTmin, and RefTavg on 6 
March 2010: 31.2oC, 25.49oC, and 
27.98oC respectively.  
 SOLARtotal: 5062.945 W/m2 
 SOLARmax: 683.5 W/m2 
 Simulation date: 6 March 2010 
 Initial temperature atmosphere: 301K (or 
27.98oC, average temperature) 
 Average Relative Humidity: 70% 




For testing various wind value input within the ENVI-met, five different scenarios 
with different wind speed have been simulated. The result shows that ENVI-met 
simulation result was not accurate enough for low wind-speed condition (below 1 
m/s) as they show inconsistencies of wind directions (full illustrations can be seen in 
Appendix 12.7). A more consistent wind direction can only be seen when the speed 
was set starting from 1 m/s. Therefore, in order to compare it with STEVE result, the 
proposed scenario was simulated by ENVI-met with minimum wind speed of 1 m/s. 
 
Figure 4.9. Additional buffer zone on STEVE calculation to improve the temperature map resolution. 
 
In order to achieve a comparable temperature map result with ENVI-met, 27 
additional measurement points for the STEVE tool result were deployed (see Figure 
4.9). Since the initial STEVE methodology uses attached buffer zones, this study 
overlaps all those additional buffer boundaries as a result of additional measurement 
points. Hence, this latter method increased the temperature map resolution, and can 




4.2.4 Result and discussion 
Figure 4.10 clearly displays that the predicted temperature from ENVI-met is 
constantly lower compared to STEVE tool result. The chart also shows other STEVE 
and ENVI-met results from simulating an empty land. The complete table comprising 
hourly temperature from both scenarios can be seen in Appendix 12.8.  
 
Figure 4.10. Temperature profile comparison chart. 
 
The temperature profile chart indicates that the prediction temperature from ENVI-
met for empty land (blue line) is lower than STEVE tool (red line). Predicted 
temperatures with buildings added into the parcel also indicate lower values for 
ENVI-met (purple line) compared to STEVE tool (green line). Therefore, the diagram 
indicates that initial temperature for ENVI-met is lower than STEVE tool, which 
means it under predicts the result. 
The temperature difference for between STEVE tool and ENVI-met for the empty 
land scenario could reach maximum and average of 3.77oC and 2.38oC respectively, 
while temperature difference with buildings added could reach up to 3.50oC and 




occupied one was higher in STEVE tool (0.99oC maximum reduction, 0.43oC in 
average) compare to ENVI-met (0.66oC maximum reduction, 0.110C in average). 
Another observation reveals that both STEVE tool and ENVI-met show similar 
temperature profile trend. ENVI-met displays a smoother curve line result, mainly 
because it only implements initial boundary condition input to run the simulation while 
STEVE tool implemented a whole day profile (ܴ݂݁	 ௠ܶ௔௫, ܴ݂݁	 ௠ܶ௜௡, and ܴ݂݁	 ௔ܶ௩௚) as 
input data to calculate the predicted temperature. 
 
Figure 4.11. Comparison of STEVE and ENVI-MET Temperature chart. 
 
To achieve a similar temperature profile between these two applications, initial 
temperature in ENVI-met should be increased by 2oC or 3oC to 302K (29oC) or 303K 
(30oC). Furthermore, this study has also added two other calm and hot dates (28 
February 2010 and 26 November 2009) for more testing, as seen in Figure 4.11. 
The result indicates that ENVI-met with initial temperature set as 302K and 303K 
shows similar profile with STEVE tool especially from 8.00am to 11.00am time, but 




(2.00pm). Another observation shows that STEVE tool is also able to predict the 
occurrence of maximum temperature time. For instance, on 28-Feb-10 profile, the 
maximum temperature occurred at 4.00pm, which was also predicted by three other 
ENVI-met profiles. However, it is important to note that the difference between both 
predictions was quite significant, ranging from 1.88oC to 4.10oC. 
 This difference is most likely because STEVE tool utilizes the actual reference 
weather profile data; hence the temperature profile created might not be as smooth 
as the one generated by ENVI-met. This is because reference weather data tends to 
vary depending on the weather while ENVI-met simulation is based on the ideal 
condition. The complete result comprising of hourly temperature can be seen in 
Appendix 12.9. 
4.2.5 Summary 
From the urban analysis perspective, STEVE is able to handle a city-scale study 
area since it does not have grid size limitation where ENVI-met does. At the current 
version, ENVI-met is restrained by grid sizing which has a maximum number of cells, 
making it highly impossible to simulate microclimate condition of a bigger city area 
with proportional detail. This is mainly because the current ENVI-met version runs on 
standard x86 (32-bit) personal computer operating on Windows XP or Vista and does 
not take advantage of more than one processor or distributed computing (Huttner et 
al., 2008).  
Another notable finding from the study shows that the predicted temperature result 
from ENVI-met appears to be lower compared to STEVE tool. By simulating both 
empty and occupied land scenarios, the output indicates that initial temperatures for 
ENVI-met is lower than STEVE tool, under-predicting the temperature output. The 2o-
3oC difference is most probably from other ‘background’ factors from field data 
collection in developing STEVE tool; whereas in ENVI-met, the simulation was 




4.2.6 Importance for the overall research study 
The study concludes that STEVE has advantages on predicting ambient 
temperature at city scale. Apart from a much lesser computational time compared to 
ENVI-met, STEVE tool was developed by using local temperature condition (tropical), 
which means it is ideal to be utilized on urban areas reminiscing Singapore context. 
Hence, this justifies the utilization of STEVE tool for future study in terms of 





CHAPTER 5 RESULT ANALYSIS AND DISCUSSION 
5.1 Introduction 
 This chapter compiles and displays the simulation results of 462 scenarios, 
consisting of two parts: local ambient air temperature data and building thermal 
simulation from IES-VE. Local ambient temperature data were obtained by using 
STEVE tool results and converting them into an annual temperature profile. 
Furthermore, the altitude factor has also been considered during the calculation 
process. Hence, the final output represents the urbanized local temperature data, 
which are dependent on urban form characteristics. Afterwards, these ambient 
temperature data were embedded into weather files and were used for thermal load 
and simulation through Apache, an application under IES-VE. 
 An in-depth analysis has been conducted on both results, where data were 
correlated with various geometric variables that represent the urban texture 
characteristics for each simulated scenario. 
5.2 Local Temperature Profile Result 
5.2.1 Local and Background Temperature comparison 
The result from the STEVE tool calculation for each scenario is then transformed 
into an annual 24-hour temperature profile, which is used to create unique weather 
data (see Chapter 3.5 for calculation method and Appendix 12.10 for full result). 
These predicted values represent the local ambient temperature data, which have 
considered the influence of the surrounding buildings. As illustrated in Figure 5.1, the 
box plot shows a variety of ambient temperature profiles across different scenarios. 
This supports the literature review finding that different urban textures have different 





Figure 5.1. Box plot of different temperature outputs compared with the data recorded at weather 
station. 
 
Furthermore, this chart highlights that the annual maximum, average daytime, 
whole day average, and minimum temperature values ( ௠ܶ௔௫, ௔ܶ௩௚ሺௗ௔௬௧௜௠௘ሻ, ௔ܶ௩௚ and 
௠ܶ௜௡) from the STEVE tool result for all scenarios are noticeably, even significantly, 
higher than the Changi MET station data. This further supports the importance of 
generating local ambient temperatures influenced by the surrounding geometric and 
environmental conditions (paved surface or trees). Moreover, this also shows that the 
ambient temperature recorded at the Changi MET station may not reflect good 
representative data for city center conditions, as the weather station is located at the 
airport, which can be considered a less urbanized area. By looking at Figure 5.1, the 
௔ܶ௩௚ difference could reach 1o - 2oC if compared to the MET station data, and it could 
reach 1.2o – 3.5oC at the hottest condition ( ௠ܶ௔௫). This temperature difference should 
not be overlooked, especially when conducting the building simulation, because the 




receivable by buildings. This issue will be brought up in the next sub chapter, which 
compares the energy simulation results using local predictions and MET station data 
(background/reference temperature). 
Table 5.1. Ambient temperature range values for all scenarios, separated in different outputs. 
(unit = oC) 
Local Temperature Data MET 
station 
Data Min Max Range 
T୫ୟ୶ 31.83 34.08 2.25 30.61 
Tୟ୴୥	ሺୢୟ୷୲୧୫ୣሻ 30.04 31.96 1.92 28.75 
Tୟ୴୥ 28.44 29.54 1.10 27.45 
T୫୧୬ 25.42 25.89 0.46 24.49 
 
The predicted value range for different temperature conditions can be seen in 
Table 5.1. In addition to the significant gap between recorded and predicted data, the 
table also shows the range of STEVE tool results among the simulated scenarios. 
௠ܶ௔௫  has the widest range difference (2.25oC), while  ௠ܶ௜௡  has the narrowest 
(0.46oC). Meanwhile, the variation within ௠ܶ௔௫ , ௔ܶ௩௚ሺௗ௔௬௧௜௠௘ሻ , ௔ܶ௩௚, and ௠ܶ௜௡  can be 
adequately explained by the overshadowing influence that occurs at the pedestrian 
level. Since the calculation covers scenarios from open to densely built urban 
configurations (high to low SVF condition), the level of sky openness has a direct 
impact on the ambient temperature condition. The relationship between these 
temperature outputs and their view factor conditions can be observed in Figure 5.2.  
 







































From the chart, one can observe a strong agreement between ܸܵܨ  with each 
different ambient temperature output, although ௠ܶ௜௡  displays the weakest 
relationship, which means that the other factors, apart from ܸܵܨ, might need to be 
considered to analyze night-time temperature. With Singapore weather as a 
reference, the trend lines indicate that the SVF condition has a strong impact on 
determining the temperature magnitude in the urban area, which concurs with 
previous studies conducted by Oke (1981) and Kikegawa et al. (2006) on ܸܵܨ . 
During the afternoon, high temperature conditions occur in areas with open 
configurations (high ܸܵܨ ) and vice versa. However, due to the heat island 
phenomenon, urban areas with high ܸܵܨ have lower ௠ܶ௜௡ , due to their openness, 
which allows the heat to be absorbed by the urban surface and released with less 
obstruction form the surroundings into the atmosphere. 
Figure 5.3 to Figure 5.6 display comparison charts between temperature outputs 
with the recorded MET station data. These charts allow us to scrutinize with more 
detail the local ambient temperature for various scenarios. The data have been 
grouped into different categories of site coverage (20-80%). Moreover, each figure 
has two charts: the top represents the overall scenarios, and the bottom represents a 
magnification of a particular site coverage set (in this case, the 30% site coverage 
group has been selected). The purpose of zooming into a specific group is to see the 
trend of customising the urban configuration compactness under a fixed site 
coverage. Within this magnified chart, the data have been grouped into different 
building heights (2 – 20 stories). 
௠ܶ௔௫, ௔ܶ௩௚ሺௗ௔௬௧௜௠௘ሻ, and ௔ܶ௩௚ charts (see Figure 5.3 to Figure 5.5) do not give a 
clear indication of whether the increase of site coverage leads to a lower ambient 
temperature. Which means, apart from site coverage, other urban morphology 




following analyses are focussing on the particular fixed site coverage group to see 
the trend.  
Further observation on the zoomed-in 30% site coverage group implies that if the 
urban area becomes denser and higher, it reduces the ambient temperature. The 
bottom chart from Figure 5.3 to Figure 5.5 displays the negative trend line as the 
building goes higher. This is due to the fact that as buildings go taller, the view factor 
of that urban area is reduced; hence more overshadowing occurs in between urban 
canyons, which reduces the ambient temperature.  
However, a closer examination upon the buildings compactness reveals that 
within the same building height group, the day ambient temperature outputs 
decrease as the buildings become less compact. As previously mentioned in the 
literature review, compactness is the ratio of building surface and volume. Hence, as 
explained before (see Figure 3.8), the parent scenario (type 1) is the most compact 
type, while type 12 (which comprises 16 building masses) is the least compact 
configuration. Thus, by maintaining the urban geometric variables (plot ratio, site 
coverage, and building height), a compact urban layout, such as type 1, tends to 
have a higher ambient temperature, since it provides more open space than type 12, 
and the configuration of the buildings has created a tighter canyon. 
Meanwhile, predicted night-time air ambient temperature shows the opposite trend 
when analysing the daytime result (see Figure 5.6). The charts indicate that, within 
each site coverage group, as the urban configuration becomes higher and less 
compact, the ௠ܶ௜௡ increases. This supports the urban heat island theory, whereby 
heat absorbed by hard surfaces during the day is trapped within the dense urban 

























Figure 5.7. Temperature values range band for different outputs. 
 
Another observation was made for the range values of each group. A trend 
becomes evident when analysing the maximum, minimum, and average values of 
each temperature output. Hence, these range bands indicate that the increase of site 
coverage may reduce the day and overall ambient temperature (see Figure 5.7). The 
range value bands for both ௠ܶ௔௫ and ௔ܶ௩௚ሺௗ௔௬௧௜௠௘ሻ show a similar trend and rate of 
decrease, while the increase of site coverage has a lesser impact on ௔ܶ௩௚, since this 
temperature output also considers night-time conditions, where the urban density has 
an inverse effect on night-time temperature.  
Overall, these findings illustrate that the variation of urban layout and 
configurations (geometry aspect) has a greater impact on daytime temperatures than 




greenery or surface materials has not yet been considered, and it could affect the 
night-time temperature.  
Furthermore, the night-time condition discussed here reflects a comparison of two 
urban areas. Hence, the difference is assumed to be more minimal than when the 
analysis focuses on a more remote or rural area (with fewer buildings, roads, and 
more greenery or landscape) for assessment.  
5.2.2 Energy Simulation Comparison using Local and Background ambient 
temperature data. 
Previous results and analysis suggest that there is significant difference between 
the ambient temperature data recorded by the Singapore Changi MET station and 
the local predicted one (calculated with the STEVE tool). This chapter tries to 
examine the impact of those temperature differences by conducting energy 
simulations on a few cases and implementing both data sets. 
Eleven scenarios have been selected from 462 simulated scenarios to undergo 
energy simulation using IES-VE. The details of these eleven scenarios are shown in 
both Figure 5.8 and Table 5.2. There are 3 criterions on selecting the scenarios: (1) 
The smallest site coverage and the most compact scenario, which is 20-20-01. (2) 
No 2-6 are the selected scenarios which have similar surface area. (3) No 7-11 are 
the selected scenarios which have the same GFA.  
Boundary conditions, window-to-wall ratios, and other building characteristics 
follow the specification outlined in Chapter 3.6. Using IES-VE, these scenarios were 
simulated twice: first using the MET station weather data and then using the local 
weather data calculated by the STEVE tool. The simulation results comprise an 
annual cooling load, envelope conduction gain, and fresh air intake gain. These 
outputs represent the thermal load components related to ambient air temperature 
conditions. Hence, the comparison reveals the differences in implementing both 






Figure 5.8. Eleven random scenarios, which were simulated using two different sets of temperature 
data. 
 



















1 20-02-01 20 2 6 24,000 19,513 84,000 
2 70-20-01 70 20 6 840,000 182,559 2,940,000 
3 60-15-06 60 15 12 540,000 182,399 1,890,000 
4 40-20-07 40 20 12 480,000 183,379 1,680,000 
5 30-15-10 30 15 24 270,000 190,533 945,000 
6 80-06-11 80 6 54 288,000 183,237 1,008,000 
7 30-10-01 30 10 6 180,000 64,009 630,000 
8 20-15-04 20 15 6 180,000 87,600 630,000 
9 20-15-05 20 15 12 180,000 91,689 630,000 
10 50-06-09 50 6 24 180,000 119,095 630,000 






Figure 5.9 displays the thermal simulation outputs, which consist of cooling load, 
envelope conduction, and fresh air intake gain, respectively. These have been 
normalized into KWh/m2. The line chart represents the load/heat gain output from 
both local and background weather data, while the bar chart denotes the percentage 
difference between both data sets. 
From the cooling load comparison, it can be deduced that temperature difference 
between the two weather data sets resulted in a 4.60-12.18% variance in cooling 
load. The same is also true for both envelope conduction and fresh air intake gain, 
where the simulation result shows a difference of 14-25% and 11-28% respectively. 
In other words, the temperature gaps between local and background ambient 
temperatures can be translated into an approximately 8% difference in cooling load, 
20% in external conduction gain, and 17% in fresh air intake gain.  
This gap from two different temperature data sets verifies that urban areas tend to 
record higher ambient temperatures, due to a more built-up environment than the 
background temperature recorded by the MET station. This provides clear evidence 
that implementing localized ambient temperature profile into the weather data for 
building energy simulations is preferable in order to obtain more accurate results, 











Figure 5.9. Charts showing different thermal components output by comparing local and background 

























































































5.3 Simulation Result and Analysis 
5.3.1 Selected result outputs from IES-VE 
 The previous chapter displays the result of the predicted local ambient 
temperature with the STEVE tool and how it differs substantially from the data 
recorded at the MET station in the airport. Thus, further analysis demonstrates the 
importance of implementing this local ambient temperature, due to its impact on 
calculating the cooling load and its external heat gain components, which are closely 
related to outdoor temperature.  
 All 462 hypothetical urban scenarios have been simulated using Apache, an IES-
VE component that deals with thermal load calculation and simulation. Each scenario 
was embedded with its own annual weather data comprising the unique local outdoor 
temperature profile. Afterwards, another application, called Vista, was used to collect 
and filter the required data from the simulation result.  
 Based on data grouping Vista under IES-VE, the summation of sensible cooling 
load values for each scenario comprises components from external and internal gain. 
Since the study examines microclimate impact on energy performance (excluding 
internal gain from people and equipment, since they were kept fixed). The following 
outputs were obtained for further analysis: 
1. Cooling plant sensible load: Sensible cooling supplied to the room by which 
has been set by room conditioning plant under Apache boundary condition 
settings. 
2. External Conduction Gain: Heat conducted into (or if negative, out of) the 
room through the internal surfaces of externally exposed elements, or the 





3. Solar Gain: Solar radiation absorbed via the internal surfaces of the room, 
along with solar radiation absorbed in glazing and transferred to the room by 
conduction. 
4. Auxiliary Ventilation Gain: The sensible heat gain (or, if negative, loss) from 
Auxiliary Ventilation air exchanges. This output can be considered the fresh 
air intake gain, since it deals with air exchanges of outdoor air.  
 Figure 5.10 displays the breakdown of both external and internal components 
comprising the total of sensible cooling load for each scenario. The breakdown was 
obtained by averaging the values from all 462 simulated scenarios. It can be seen 
that external gain accounts for almost 30% of the sensible cooling load, while internal 
gain accounts for the other 70%. The current study focuses on the former, while the 
latter portion has been kept fixed.   
 
Figure 5.10. Composition of sensible cooling load. 
5.3.2 Overall simulation result from IES-VE 
 The simulation result can be seen in Figure 5.11 through Figure 5.14, which 
display the annual sensible cooling load, envelope conduction, solar, and fresh air 
intake gain, respectively (complete table can be seen in Appendix 12.11). Each chart 















the analysis scrutinizes the relationship between the simulation output and the urban 
geometric aspects. 
 Like the chart analysis on ambient temperature from Chapter 5.2.1, each chart 
comprises results from all scenarios (top) and a magnified chart into one specific site 
coverage group (bottom), in order to examine closely the trend within the same site 
coverage scenarios. For this analysis, the 50% site coverage group has been 
selected.  
 Figure 5.11 shows that the sensible load for the whole district increases as the 
buildings become larger, and the two contributing factors are floor area and surface 
area. The graph indicates that the total floor area of all the buildings in a particular 
scenario highly determines the cooling load of the entire district. Meanwhile, the 
amount of building surface area also contributes to determining the cooling load. 
Observation of the 50% site coverage group shows that scenarios under the same 
height group have the same GFA, and the cooling load output follows the increase of 
the total surface area. This can be explained by the fact that, although these 
scenarios have the same total GFA, the ones that have more surface area (less 
compact) result in more exposure from the outdoor environment (solar radiation and 
ambient temperature). Consequently, those scenarios with larger buildings would 
have had higher cooling loads.  
 Similar trends were also observed for both envelope conduction and solar gain 
results (Figure 5.12 and Figure 5.13, respectively), where the trend lines from both 
heat gain outputs are almost identical to the surface area. This implies that the 
increase of surface area has a greater impact on both building envelope conduction 
and solar gain altogether. Figure 5.14 suggests that the total floor area contributes 
more to the amount of fresh air intake gain receivable by the buildings. Nevertheless, 





























5.3.3 Correlation analysis with floor and surface Area 
 Furthermore, the relationship between these load/heat gain outputs and the floor 
and surface area from all 462 scenarios can be summarized by looking at the scatter 
plots in Figure 5.15 and Figure 5.16. Pearson’s r coefficient was used to indicate the 
relationship between the variables.  
 Figure 5.15 shows that GFA has a positive correlation with the thermal load 
outputs, particularly cooling load and fresh air intake gain, which show a positive 
trend and a significantly strong correlation (r value of 0.989 and 0.999, respectively). 
This finding is expected; as the built-up floor area becomes larger, the amount of 
sensible cooling load increases as well (because more internal areas needs to be 
cooled down). At the same time, more floor area also translates into larger surface 
area. Hence, changes in a building’s envelope size are accompanied by changes in 
the amount of external heat gain receivable from the outdoor environment.   
 
Figure 5.15. Scatter plot of cooling load and heat gain outputs with their respective floor area. Pearson’s 





Figure 5.16. Scatter plot of cooling load and heat gain outputs with their respective surface area. 
Pearson’s r coefficient was used to indicate the relationship between variables. 
 
 Much like GFA, Figure 5.16 suggests that total building surface area has a strong 
positive linear relationship with all dependent variables, particularly envelope 
conduction and solar gain outputs (r value of 0.999 and 0.946, respectively). These 
correlations are expected because, as the total surface area (walls and rooftops 
combined) of a district gets higher, the buildings within that area receive higher solar 
radiation and are more exposed to higher ambient temperatures.  
5.3.4 Data normalization 
 The previous sub chapter demonstrated how various urban morphologies 
determine the microclimate condition, where ambient temperature and the amount of 
solar radiation receivable have been affected considerably. It has also been found 
that the sky view factor is the main variable affecting the microclimate condition. This, 
along with variables like site coverage and building height, eventually determines the 




 Furthermore, these thermal outputs also depend on the building size, which is 
controlled by ܩܨܣ and surface area. This means that, in order to quantify the impact 
of microclimate on cooling load and heat gain, the data need to be normalized by 
dividing them with both ܩܨܣ and surface area (see  (5.1). The simulation result here 
represents the four outputs that comprise the annual sensible cooling load, envelope 
conduction, solar, and fresh air intake gain.  Hence, the normalized data then can be 
observed and correlated with the urban geometric variables.  
ܰ݋ݎ݈݉ܽ݅ݖ݁݀	݀ܽݐܽ	ሺܹ݄ ݉ସ⁄ ሻ ൌ 	 ௦௜௠௨௟௔௧௜௢௡	௥௘௦௨௟௧	ሺௐ௛ሻ்௢௧௔௟	ீி஺	ሺ௠మሻൈ்௢௧௔௟	ௌ௨௥௙௔௖௘	஺௥௘௔ሺ௠మሻ (5.1) 
 The following illustration provides an example of this matter, where three 
scenarios comprise a similar total floor and surface area—but differ in form and 
height. Hence, to determine the microclimate impact on those urban areas, one 
should add other urban geometric variables to the equation. 
 
Figure 5.17. Three selected scenarios with similar GFA and surface area. 
 
 Several urban geometric variables have been selected based on the literature 
review (see Chapter 2.3) as they are able to characterize the form and density of a 
certain urban area. Afterwards, each of these variables was correlated with simulated 
thermal component comprising a sensible cooling load, envelope conduction, solar, 
and fresh air intake gain. As shown in Figure 5.18, the selected variables comprise 
the floor area ratio (ܨܣܴ ), gross site coverage (ܩܵܥ ), open space ratio (ܱܴܵ ), 
average number of stories (ܵܶ), compactness (ܥ), sky view factor (ܸܵܨ), and sky 
view exposure (ܵ݇ݕܧܨ) (Cheng, 2009; Ji et al., 2011; Pont and Haupt, 2004, 2010; 





Figure 5.18. Identified urban geometry variables to be correlated with simulation outputs (Cheng, 2009; 




 These variables represent the aggregation from all the buildings within the 
boundary line (Cheng, 2009; Cheng and Steemers, 2010), as illustrated in Figure 3.7, 
and the final values are area averaged. For ܸܵܨ , the value was obtained by 
averaging all SVF values from measurement points generated within Skyhelios. 
Finally, each of these variables represents the overall condition of each scenario 
characteristic in terms of urban form and density. 
5.3.5 Normalized data analysis with urban geometry variables 
This chapter shows the correlations between the normalized data (all 462 
scenarios) with the selected urban variables previously described. Figure 5.19 
displays the scatter plots of the normalized sensible cooling load, envelope 
conduction, fresh air intake, and solar gain with several geometric variables. The 
following analysis considers the relationship between these sets of data, to examine 
both trends and how the variables relate to each other. It is important to note that the 
changes on dependent variable values are subjected to the urban geometry factors 
only, since other external variables, such as solar radiation amount, sky condition, 
internal setting, and air conditioning configuration, have been kept fixed during 
simulation (refer to Chapter 3.6.2 for simulation boundary condition). 
 At a glance, all scatter plots imply similar relationships between each normalized 
thermal simulation outputs with geometric variables. However, each of urban 
geometric variables appears to show a different direction and relationship type with 
the normalized thermal load outputs. For example, ܨܣܴ is considerably strong and 
negative curvilinear with the dependent variables, while ܱܴܵ  has a strong and 
positive linear relationship. Due to the presence of both linear and curvilinear 
relationships, the coefficient of determination (R2) was used to show how much of the 
variance in dependent variables is explained or determined by the urban texture 
variables.  









 It appears that ܸܵܨ , ܱܴܵ , and ܨܣܴ  imply strong relationships with all thermal 
outputs, which can be seen by observing the high R2 values with their respective 
relationship types. Closer examination shows that both ܱܴܵ and ܨܣܴ have weaker 
relationships with fresh air intake gain (denoted with R2 value of 0.78 and 0.76 
respectively). This means that ܸܵܨ  is able to explain the trends and is closely 
associated with the dependent variable.  
 Furthermore, these three urban texture variables show different trends and 
relationship types. ܸܵܨ shows a positive exponential association with all dependent 
variables, ܨܣܴ displays a negative exponential trend, and ܱܴܵ has a positive linear 
relationship.  
ܸܵܨ represents the urban openness characteristic, e.g. an urban area with high 
ܸܵܨ  means more exposure on the microclimate condition, particularly in terms of 
ambient temperature and solar radiation during day. Low ܸܵܨ condition means the 
urban area receives more overshadowing due to the limited view factor. Hence it 
reduces both ambient temperature and the amount of incident solar radiation during 
day. This explains the high correlation and the positive trend relationship between 
ܸܵܨ with all dependent variables. 
ܱܴܵ defines the remaining open space area with the amount of built-up floor area 
ratio (Pont and Haupt, 2004, 2010). A low ܱܴܵ means that the urban area lacks open 
space but is densely built up. This means ܱܴܵ also indirectly captures the building’s 
height information, since an urban area with low ܱܴܵ values may comprise vertical 
buildings (where the total ܩܨܣ could be high); consequently, the ratio value becomes 
small under the fixed buildable district area. 
ܨܣܴ  has been used as indicator for density in urban planning (Cheng, 2009; 
Cheng and Steemers, 2010), in which it denotes the amount of allowable built up 
floor area per site. High ܨܣܴ values can be translated into highly dense urban areas, 




space. This condition led to more overshadowing, thus reducing the solar radiation 
receivable and the day ambient temperature. Hence, this reaffirms the notion that a 
high ܨܣܴ  condition indicates a lower sensible cooling load, envelope conduction, 
solar, and fresh air intake per floor and surface area and vice versa.  
 Other variables, such as ܵ݇ݕܧܨ and ST, suggest a moderate relationship with the 
dependent variables, as indicated with R2 values between 0.41 to 0.73 and 0.49 to 
0.75 respectively. The ܵ݇ݕܧܨ variable is a percentage which represents the amount 
of building walls exposed to incident solar radiation in an urban area. The scatter 
plots displayed in Figure 5.19 concur with the previous studies (Hii et al., 2011; Ji et 
al., 2011), where a low ܵ݇ݕܧܨ value implies that the vertical surface of the related 
buildings within the district receives less solar radiation due to local overshadowing 
from the surrounding buildings. 
 Meanwhile, ܵܶ represents the average number of stories within a district, which 
means a higher ܵܶ might suggest more overshadowing, as indicated by its negative 
exponential trend. Furthermore, ܵܶ  has a considerably stronger correlation with 
external surface conduction gain (R2 = 0.75), which implies this heat gain output is 
more sensitive to building height variation. It is also worth noting that, as the building 
goes higher, the variation of the external conduction gain receivable by the buildings 
is smaller. This can be explained because, since ܵܶ  only denotes the height 
information, it does not provide the information on the ground density (whether the 
buildings are close to each other or not). For example, if two groups of urban areas 
with similar ܵܶ but different density and compactness are compared, the envelope 
conduction gain per floor and surface area will not be the same, due to the view 
factor difference, which affects the ambient temperature. In the end, simulated 
scenarios comprising low height buildings tend to have more variation on the 




higher buildings, such as towers, generally provide more shadows and reduce the 
view factor.  
 The variables that show weak correlation are ܩܵܥ and ܥ, although the trend line 
results are expected. ܩܵܥ defines the two dimensional density on the ground without 
a vertical component or height consideration. Like the finding shown in the ambient 
temperature range value analysis (Figure 5.7), as ܩܵܥ goes higher, the urban area 
tends to become denser. However, it does not directly translate to lower cooling load 
or heat gain receivable, due to the exclusion of the height factor. Although the scatter 
plot shows the expected negative trend line, the correlation is a weak one due to its 
inability to provide information on the verticality.  
 On the other hand, variable ܥ  also shows a weak correlation toward the 
dependent variable, and this can be explained due to the normalization process, 
which has eliminated the surface area factor; thus, the ܥ value (defined by surface 
per volume ratio) does not show any significant relationship. In spite of the weak 
correlation, the scatter plot suggests a positive linear trend, which implies compact 
urban forms tend to have a lower sensible cooling load per floor and surface area. 
5.4 Summary 
To summarize, the geometry and configuration of an urban area does not just 
affect the microclimate condition (ambient temperature and the amount of solar 
radiation) but also determines the energy performance, due to its size (controlled by 
both floor and surface area). Both Figure 5.15 and Figure 5.16 imply that floor and 
surface area have a strong correlation with the cooling load and external heat gains. 
Furthermore, tests of significance show the findings are significant at the 1% level 
(p<.01).  
 These findings concur with the previous studies done by Martin and March (1972) 




microclimate impact, particularly regarding aspects such as solar radiation and local 
shading patterns.  
 Afterwards, by normalizing the simulation results, further analysis was conducted 
on the relationship between each of the thermal load outputs with urban geometric 
variables. It appears that several indices, such as ܸܵܨ, ܱܴܵ, and ܨܣܴ, are closely 
related with the normalized simulation results, which means these variables are able 
to explain the trend within such data.  
 In order to differentiate the normalized and the original data, the former one would 
be called thermal load ‘units’, which comprises sensible cooling load, envelope 
conduction, solar, and fresh air intake gain per floor and surface unit area (Wh/m-4). 
Hence, the next step is to generate a prediction model of these thermal load units 






CHAPTER 6 PREDICTION MODELS DEVELOPMENT 
6.1 Prediction Model concept 
 
Figure 6.1. Calculation diagram for prediction models. 
  
 The previous chapter highlights that the thermal load of a district is closely related 
with two components: building size and urban texture (as illustrated in Figure 6.1). 
Building size is controllable with two variables: total floor and surface area. 
Meanwhile, urban texture comprises variables that explain the urban form and 
density characteristic, which in the end defines the thermal load per floor and surface 
units. The final objective is to obtain the total load of an observed district/precinct by 
aggregating the thermal load units with the building’s size. Table 6.1 below lists both 
dependent and independent variables: 
Table 6.1. Thermal load units and their urban texture variables. 
Thermal Load Units Urban texture variables 
1. Sensible cooling load unit (ܵܥܮ௎) 
2. Envelope conduction gain unit (ܧܥܩ௎) 
3. Solar gain unit (ܵܩ௎) 
4. Fresh air intake gain unit (ܨܣܫܩ௎) 
 
1. Floor area ratio (ܨܣܴ) 
2. Gross site coverage ratio (ܩܵܥ) 
3. Open space ratio (ܱܴܵ) 
4. Average number of storeys (ܵܶ) 
5. Buildings compactness (ܥሻ 
6. Sky view factor (ܸܵܨ) 




 These area-averaged variables are then used to work out the corresponding 
thermal load units. The final number of each total district’s thermal load components 
represents the annual prediction under Singapore climate.  
 The following part focuses on the methodology in developing the prediction model 
for each thermal load unit. Statistical analysis and tests were performed to examine 
whether these independent variables are significant or have multicollinearity 
problems.   
6.2 Non-linear Regression Model 
 In order to develop the empirical models, data from the parametric study were 
compiled and analyzed statistically by using multi-linear regression analysis software 
techniques. However, due to the curvilinear relationship between some of the urban 
geometry indices with the thermal load units (see Chapter 5.3.5 and Figure 5.19), a 
non-linear model form is deemed more appropriate to explain the behaviour of ܺ 
(predictor) on ܻ (dependent variable). The equation can be written as follows: 
  ࢅ ൌ ࢻࢄࢼࢿ (6.1) 
 This non-linear equation is called the constant elasticity model. The definition of 
elasticity or ߚ is the percentage change in Y when X changes by 1% (or any level of 
Xn for multiple regression case). Hence, it is called a “constant elasticity” equation 
(Baker, 2006; Ilvento, 2013).  
 In order to make this become linear, a log transformation method is required for 
curved graph linearization, before performing the multi-linear regression (Tan, 2011). 
Hence, the equation needs to be transformed by taking natural logs on both sides.  
 The linear relation becomes: 
  ܔܗ܏ࢅ ൌ 	 ܔܗ܏	 ࢻ ൅	઺	ܔܗ܏ࢄ ൅ ܔܗ܏ ࢿ (6.2) 
 This equation is linear in parameter β, and ordinary least squares can be used to 
regress 	log ܻ against 	log ܺ. In order to take the log of a value, ܺ and ܻ are always 




0. It is important to note that the intercept is log	 ߙ , and to obtain ߙ , the antilog 
function is used. Therefore, in a case where multi variables are being considered, the 
nonlinear relation is: 
  ࢅ ൌ ࢇࢄ૚ࢼ૚ࢄ૛ࢼ૛ …ࢄ࢔ࢼ࢔ࢿ (6.3) 
 With this non-linear equation, ߚଵ is the percentage change in ܻ when ଵܺ changes 
by 1% and other variables do not change (and this applies for each of the other 
independent variables). Meanwhile, determining the percentage increase in ܻ due to  
one percent increase in all predictors can be obtained by summing up all the 
exponents (ߚଵ, ߚଶ, …ߚ௡ ). In economic terms, ߚଵ, ߚଶ, …ߚ௡  are elasticities of ܻ  with 
respect to ଵܺ, ଵܺ, … . ܺ௡. Hence, the linearized form becomes: 
  ܔܗ܏ࢅ ൌ 	 ܔܗ܏	 ࢻ ൅	઺૚	ܔܗ܏ࢄ૚ ൅ ઺૛	ܔܗ܏ࢄ૛ ൅⋯൅ ઺࢔	ܔܗ܏ࢄ࢔ ൅ ܔܗ܏ ࢿ  (6.4) 
 This means that, before conducting the multi-linear regression, all variables from 
existing data need to be converted with natural logs.  
6.3 Correlation analysis 
 After performing log transformations on all variables, Pearson r correlation 
analysis was conducted to measure the linear correlation between the variables in 
terms of direction, strength, and significance. Both Table 6.2 and Figure 6.2 display 
the information about the variables relationship. They show that there is a significant 
relationship between each of the urban texture variables with all thermal load units 
(p<.01, 2-tailed). This means that thermal load units can be modeled by using 
several explanatory variables. Hence, all seven urban texture variables are 
considered for the multi linear regression process.  
 Table 6.2 and Figure 6.2 also contain information regarding the relationship 
direction (positive or negative) that is being compared against the coefficient signs 
from the regression results. Consequently, multi regression models that contain 




(B) were not considered. The next few chapters scrutinize the development of each 
thermal unit prediction model.   
Table 6.2. Pearson r Correlation Chart. 
Log_SCLu Log_ECGu Log_SGu Log_FAIGu 
Log_FAR Pearson Correlation (r) -.931 -.998 -.955 -.875 
Significance .000 0.000 .000 .000 
Log_GSC Pearson Correlation (r) -.500 -.495 -.692 -.426 
Significance .000 .000 .000 .000 
Log_ST Pearson Correlation (r) -.785 -.867 -.702 -.765 
Significance .000 .000 .000 .000 
Log_OSR Pearson Correlation (r) .922 .981 .983 .859 
Significance .000 .000 .000 .000 
Log_SVF Pearson Correlation (r) .969 .938 .905 .959 
Significance .000 .000 .000 .000 
Log_C Pearson Correlation (r) .332 .615 .565 .203 
Significance .000 .000 .000 .000 
Log_SkyEF Pearson Correlation (r) .791 .616 .669 .823 
Significance .000 .000 .000 .000 
*All correlations are significant at the 0.01 level (2-tailed) 
6.4 Thermal load unit regression models development 
 Multi-linear regression used the STEPWISE method, which involves the use of all 
the 462 scenarios for each thermal load unit. In the first stage of model development 
for thermal load units, an analysis was done to identify the behavior of the models’ 
variables by examining the variables’ regression coefficient values (or Beta 
coefficients) and their correlations (Pearson Correlation or r) with the dependent 
variable. This is important when analyzing how the urban geometric variables behave 
when put together, thus determining the prediction models. Afterwards, the 
observation was made about the urban texture variables’ significance in determining 
the dependent variables. Hence, the final models only include the significant 
variables (p<.05) and those with beta coefficient signs similar to the Pearson 
Coefficient (r). 
 









 Then, multicollinearity issues were also addressed by looking at the Variance 
inflation factor (VIF). All other things equal, researchers desire lower levels of VIF, as 
higher levels of VIF are known to adversely affect the results associated with a 
multiple regression analysis. Various recommendations for acceptable levels of VIF 
have been published in the literature. Perhaps most commonly, a value of 10 has 
been recommended as the maximum level of VIF (Hair et al., 1995; Kennedy, 1992; 
Marquardt, 1970; Neter et al., 1989). Another indicator of multicollinearity is 
tolerance, where higher levels of tolerance are desired. Thus, a value of 0.10 is 
recommended as the minimum level (Tabachnick and Fidell, 2001).  
 The finalized models from the multiple linear regression analysis are then 
transformed back into the non-linear relation model ሺܻ ൌ ܽ ଵܺఉభܺଶఉమ …ܺ௡ఉయሻ where ܺ௡ 
denotes the urban texture variables. 
 The following sub chapters analyze each of thermal load unit empirical model’s 
development. How the independent variables behave against the dependent ones is 
provided afterwards. 
6.4.1 Sensible cooling load unit regression model development 
 Table 6.3 displays the regression models’ coefficients based on the stepwise 
method by using SPSS. From all generated models, it appears that only ܮ݋ܸ݃ܵܨ and 
ܮ݋ܱܴ݃ܵ variables do not have issues regarding correlation signs, significance, and 
multicollinearity. A combination of different independent variables that are not 
significant were automatically removed during stepwise linear regression (p>0.05).  
 However, some inclusive combinations indicate a high degree of multicollinearity, 
particularly with the variable ܮ݋݃ܨܣܴ. This can be explained due to the availability of 
ܮ݋ܱܴ݃ܵ as a predictor. An additional variable, such as ܮ݋݃ܨܣܴ, becomes redundant 
because this information has been implied within the ܮ݋ܱܴ݃ܵ value (ratio of open 





Table 6.3. Prediction model coefficients for log transformed sensible cooling load unit (Log SCLu) with 










(R2) B Std. Error Tolerance VIF 
1 (Constant) .751 .010 .000       
.948 Log_SVF 1.766 .060 .000 .171 5.854 .969 
Log_OSR .169 .019 .000 .171 5.854 .922 
2 (Constant) -.101 .012 .000       
.996 
Log_SVF .036 .030 .228 .057 17.637 .969 
Log_FAR -1.002 .013 .000 .038 26.561 -.931 
Log_C -.753 .011 .000 .214 4.678 .332 
3 (Constant) -.114 .005 .000       
.996 Log_FAR -1.017 .003 .000 .576 1.736 -.931 
Log_C -.764 .006 .000 .576 1.736 .332 
4 (Constant) -.176 .004 .000       
.998 
Log_FAR -1.090 .003 .000 .208 4.804 -.931 
Log_C -.768 .004 .000 .575 1.739 .332 
Log_ST .097 .003 .000 .253 3.945 -.785 
5 (Constant) -.270 .014 .000       
.999 
Log_FAR -1.060 .006 .000 .067 14.982 -.931 
Log_C -.733 .006 .000 .193 5.193 .332 
Log_ST .088 .004 .000 .217 4.610 -.785 
Log_SkyEF .076 .011 .000 .211 4.738 .791 
6 (Constant) -.311 .021 .000       
.999 
Log_FAR -1.150 .033 .000 .002 514.292 -.931 
Log_C -.728 .007 .000 .178 5.619 .332 
Log_ST .115 .010 .000 .025 39.396 -.785 
Log_SkyEF .088 .012 .000 .185 5.394 .791 
Log_OSR -.066 .024 .005 .003 340.346 .922 
Dependent Variable: Log SCLU 
  B and r have different signs. 
  Not significant (p > .05) 
  Tolerance < .10 
 VIF > 10 
   
 On a similar note, the exclusion of ܮ݋݃ܵ݇ݕܧܨ is assumed due to the availability of 
ܮ݋ܸ݃ܵܨ. In their original form, these two variables measure openness from different 
perspectives (ܸܵܨ from the ground vertically, while ܵ݇ݕܧܨ from the building façades 
horizontally). However, they are using a similar approach and calculation method to 
determine the values. Hence, to avoid the multicollinearity problem by having these 




based on the statistical test outcome. In the end, ܮ݋ܸ݃ܵܨ and ܮ݋ܱܴ݃ܵ were selected 
as the main urban texture indices on predicting the ܮ݋݃ܵܥܮ௎.  
 Based on combination number 1 from Table 6.3, the log linear form for the 
sensible cooling load unit (ܮ݋݃ܵܥܮ௎can be written as follows: 
  ܮ݋݃ܵܥܮ௎ ൌ 0.751 ൅ 1.7662ሺܮ݋ܸ݃ܵܨሻ ൅ 0.1689ሺܮ݋ܱܴ݃ܵሻ	 (6.5) 
ܴଶ ൌ 0.948, ܵݐ݀. ܧݎݎ݋ݎ ൌ 	0.0739, ܨሺ2, 459ሻ ൌ 4126.604	݌ ൏ 0.01 
Whereas the final non-linear form can be written as follows: 
  ࡿ࡯ࡸࢁ൫܅ܐ	ܕି૝൯ ൌ ૞. ૟૜ૠ൫܅ܐ	ܕି૝൯ሺࡿࢂࡲሻ૚.ૠ૟૟૛ሺࡻࡿࡾሻ૙.૚૟ૡૢ (6.6) 
6.4.2 Envelope conduction gain unit regression model development 
 Table 6.4 provides a combination of different predictors for the ܮ݋݃ܧܥܩ௎ model. It 
appears that, to predict log-transformed envelope conduction gain unit, three 
variables of ܮ݋ܸ݃ܵܨ, ܮ݋ܱܴ݃ܵ, and ܮ݋݃ܵܶ are deemed significant and provide strong 
R2 of 0.997. The table suggests that, apart from the relevant ܮ݋ܸ݃ܵܨ and ܮ݋ܱܴ݃ܵ, 
the inclusion of the ܮ݋݃ܵܶ variable provides the height information of the precinct. 
Furthermore, the statistical test result shows that this information is important to 
calculate the ܮ݋݃ܧܥܩ௎. Moreover, ܮ݋݃ܨܣܴ was excluded due to the collinearity issue 
of the related model combination (model no. 2-6). Meanwhile, the exclusion of ܮ݋݃ܥ 
is due to the different sign between B and r (model no. 2-6).  
 The log linear form from model number 1 in Table 6.4 for envelope conduction 
gain unit (ܧܥܩ௎) can be written as follows: 
ܮ݋݃ܧܥܩ௎ ൌ െ0.1501 ൅ 0.3398ሺܮ݋ܸ݃ܵܨሻ ൅ 0.6491ሺܮ݋ܱܴ݃ܵሻ െ 0.3149ሺܮ݋݃ܵܶሻ	(6.7) 
ܴଶ ൌ 0.997, ܵݐ݀. ܧݎݎ݋ݎ ൌ 	0.0242, ܨሺ3, 458ሻ ൌ 47050.408	݌ ൏ 0.05 
Whereas the non-linear form can be written as follows: 






Table 6.4. Prediction model coefficients for log transformed envelope conduction gain (Log ECGU) with 













Error Tolerance VIF 
1 (Constant) -.150 .004 0.00       
.997 
Log_SVF .340 .021 0.00 .147 6.818 .938 
Log_OSR .649 .006 0.00 .167 6.003 .981 
Log_ST -.315 .006 0.00 .357 2.803 -.867 
2 (Constant) -.495 .009 0.00       
.999 
Log_FAR -1.010 .009 0.00 .038 26.561 -.998 
Log_SVF .243 .021 0.00 .057 17.637 .938 
Log_C -.061 .008 0.00 .214 4.678 .615 
3 (Constant) -.481 .009 0.00       
.999 
Log_FAR -1.013 .009 0.00 .037 26.671 -.998 
Log_SVF .247 .021 0.00 .057 17.670 .938 
Log_C -.059 .007 0.00 .213 4.695 .615 
Log_GSC .019 .004 0.00 .743 1.345 -.495 
4 (Constant) -.437 .024 0.00       
.999 
Log_FAR -1.013 .009 0.00 .037 26.680 -.998 
Log_SVF .267 .023 0.00 .046 21.799 .938 
Log_C -.067 .008 0.00 .161 6.215 .615 
Log_GSC .016 .004 0.00 .625 1.599 -.495 
Log_SkyEF -.030 .015 0.05 .171 5.845 .616 
Dependent Variable: Log ECGU
  B and r have different signs. 
  Not significant (p > .05) 
  Tolerance < .10 
  VIF > 10 
 
6.4.3 Solar gain unit regression model development 
 Table 6.5 below displays the first round result of the multi-linear regression 
analysis using the stepwise method. It appears that the result did not provide any 
acceptable combination. 
 As in the previous finding, ܮ݋݃ܥ appears to have different signs between B and r. 
Hence, including ܮ݋݃ܥ in the equation for ܮ݋݃ܵܩ௎model development seems to affect 
other variables within the regression analysis. Hence, the remedy step was to take 





Table 6.5. Prediction model coefficients for log transformed solar gain unit (Log SGu) with correlation, 












Error Tolerance VIF 
1 (Constant) -.491 .013 .000       
0.973 Log_OSR .927 .009 .000 .584 1.712 0.9826 
Log_C -.228 .019 .000 .584 1.712 0.5648 
2 (Constant) -.602 .016 .000       
0.978 
Log_OSR .869 .010 .000 .389 2.570 0.9826 
Log_C -.210 .017 .000 .578 1.729 0.5648 
Log_GSC -.183 .018 .000 .582 1.718 -0.6920 
3 (Constant) -.773 .045 .000       
0.979 
Log_OSR .461 .102 .000 .003 298.939 0.9826 
Log_C -.216 .017 .000 .575 1.741 0.5648 
Log_GSC -.773 .147 .000 .008 124.716 -0.6920 
Log_ST -.413 .102 .000 .006 176.775 -0.7017 
4 (Constant) -1.046 .094 .000       
0.980 
Log_OSR .338 .107 .002 .003 340.346 0.9826 
Log_C -.133 .031 .000 .178 5.619 0.5648 
Log_GSC -.877 .149 .000 .008 130.576 -0.6920 
Log_ST -.484 .104 .000 .005 184.933 -0.7017 
Log_SkyEF .182 .055 .001 .185 5.394 0.6687 
5 (Constant) -1.173 .105 .000       
0.980 
Log_OSR .409 .110 .000 .003 361.827 0.9826 
Log_C -.174 .034 .000 .141 7.075 0.5648 
Log_GSC -.852 .148 .000 .008 131.077 -0.6920 
Log_ST -.495 .103 .000 .005 185.264 -0.7017 
Log_SkyEF .237 .059 .000 .162 6.171 0.6687 
Log_SVF -.237 .089 .008 .043 23.175 0.9053 
Dependent Variable: Log SGU 
  B and r have different signs. 
  Not significant (p > .05) 
  Tolerance < .10 
  VIF > 10 
  
 Table 6.6 displays the result from second round of stepwise regression analysis, 
where several combinations of prediction models were able to be generated. 
Although these combinations (numbers 1, 2, and 4) passed all the statistical tests, 
the last combination was chosen due to its higher R2 value. The regression analysis 
suggests that ܮ݋ܸ݃ܵܨ , ܮ݋݃ܩܵܥ , and ܮ݋݃ܨܣܴ  variables are deemed significant at 




Table 6.6. Prediction model coefficients for log transformed solar gain unit (Log SGU) with correlation, 
significance, and collineartity statistics tests under SPSS using stepwhise method. Variable Log C 












Error Tolerance VIF 
1 
(Constant) -.479 .014 .000       
0.972 Log_OSR .802 .009 .000 .588 1.701 0.983 
Log_GSC -.204 .020 .000 .588 1.701 -0.692 
2 
(Constant) -.809 .012 .000       
0.971 Log_FAR -.804 .009 .000 .746 1.340 -0.955 
Log_GSC -.555 .018 .000 .746 1.340 -0.692 
3 
(Constant) -.604 .050 .000       
0.972 
Log_OSR .496 .118 .000 .003 298.711 0.983 
Log_GSC -.645 .170 .000 .008 124.115 -0.692 
Log_ST -.308 .118 .010 .006 175.596 -0.702 
4 
(Constant) -.721 .014 .000       
0.976 
Log_FAR -.642 .019 .000 .145 6.905 -0.955 
Log_GSC -.556 .016 .000 .746 1.340 -0.692 
Log_SVF .499 .052 .000 .153 6.546 0.905 
Dependent Variable: Log SGU 
 B and r have different signs. 
  Not significant (p > .05) 
  Tolerance < .10 
  VIF > 10 
 
The log linear form for solar gain unit (ܵܩ௎) can be written as follow: 
 ܮ݋݃ܵܩ௎ ൌ െ0.7211 ൅ 0.4994ሺܮ݋ܸ݃ܵܨሻ െ 0.6417ሺܮ݋݃ܨܣܴሻ െ 0.556ሺܮ݋݃ܩܵܥሻ	 (6.9) 
ܴଶ ൌ 0.976, ܵݐ݀. ܧݎݎ݋ݎ ൌ 	0.0609, ܨሺ3, 458ሻ ൌ 6202.2	݌ ൏ 0.05 
Whereas the non-linear form can be written as follows: 
  ࡿࡳࢁ൫܅ܐ	ܕି૝൯ ൌ ૙. ૚ૢ൫܅ܐ	ܕି૝൯ሺࡿࢂࡲሻ૙.૝ૢૢ૝ሺࡲ࡭ࡾሻି૙.૟૝૚ૠሺࡳࡿ࡯ሻି૙.૞૞૟ (6.10) 
6.4.4 Fresh air intake gain unit regression model development 
 As displayed in Table 6.7, it appears that only the ܮ݋ܸ݃ܵܨ variable that passes the 
statistical tests and has high R2 altogether, making it the sole predictor for fresh air 
intake gain unit. 
 The log linear form for solar gain unit (ܵܩ௎) can be written as follows: 
  ܮ݋݃ܨܣܫܩ௎ ൌ െ0.2643 ൅ 2.2811ሺܮ݋ܸ݃ܵܨሻ (6.11) 





 Whereas the non-linear form can be written as follows: 
  ࡲ࡭ࡵࡳࢁሺ܅ܐ	ܕି૝ሻ ൌ ૙. ૞૝૝૚ሺ܅ܐ	ܕି૝ሻሺࡿࢂࡲሻ૛.૛ૡ૚૚ (6.12) 
 
Table 6.7. Prediction model coefficients for log transformed fresh air intake gain unit (Log FAIGU) with 














Error Tolerance VIF 
1 (Constant) -.264 .010 .000       0.920 Log_SVF 2.281 .031 .000 1.000 1.000 .959 
2 (Constant) -.245 .012 .000       
0.921 Log_SVF 2.459 .075 .000 .171 5.854   
Log_OSR -.061 .023 .010 .171 5.854 .859 
2 (Constant) -.445 .015 .000       
0.944 Log_SVF 2.427 .028 .000 .867 1.153 .959 
Log_C -.276 .019 .000 .867 1.153 .203 
3 (Constant) -1.332 .004 .000       
0.999 
Log_SVF .166 .010 .000 .057 17.637 .959 
Log_C -.996 .004 .000 .214 4.678 .203 
Log_FAR -1.009 .005 .000 .038 26.561 -.875 
4 (Constant) -1.265 .011 .000       
1.000 
Log_SVF .195 .011 .000 .047 21.387 .959 
Log_C -1.007 .004 .000 .171 5.843 .203 
Log_FAR -1.010 .004 .000 .038 26.609 -.875 
Log_SkyEF -.043 .007 .000 .203 4.917 .823 
5 (Constant) -1.235 .012 .000       
1.000 
Log_SVF .198 .011 .000 .047 21.433 .959 
Log_C -1.016 .004 .000 .151 6.623 .203 
Log_FAR -.985 .006 .000 .019 53.602 -.875 
Log_SkyEF -.063 .007 .000 .163 6.123 .823 
Log_OSR .028 .005 .000 .025 39.911 .859 
Dependent Variable: Log FAIGu 
  B and r have different signs. 
  Not significant (p > .05) 
  Tolerance < .10 







6.5 Summary and discussions 
 To summarize, the empirical models from the previous sub chapters can be 
compiled as follows: 
ܵܥܮ௎ሺWh	mିସሻ ൌ 5.637ሺWh	mିସሻሺܸܵܨሻଵ.଻଺଺ଶሺܱܴܵሻ଴.ଵ଺଼ଽ (6.6) 
ܧܥܩ௎ሺWh	mିସሻ ൌ 0.7078ሺWh	mିସሻሺܸܵܨሻ଴.ଷଷଽ଼ሺܱܴܵሻ଴.଺ସଽଵሺܵܶሻି଴.ଷଵସଽ  (6.8) 
ܵܩ௎ሺWh	mିସሻ ൌ 0.19ሺWh	mିସሻሺܸܵܨሻ଴.ସଽଽସሺܨܣܴሻି଴.଺ସଵ଻ሺܩܵܥሻି଴.ହହ଺  (6.10) 
ܨܣܫܩ௎ሺWh	mିସሻ ൌ 0.5441ሺWh	mିସሻሺܸܵܨሻଶ.ଶ଼ଵଵ  (6.12) 
SCLu : Sensible Cooling Load unit (Wh-4) 
ECGu : Envelope Conduction Gain unit (Wh-4) 
SGu : Solar Gain unit (Wh-4) 
FAIGu : Fresh Air Intake Gain unit (Wh-4) 
SVF : Sky View Factor 
OSR : Open Space Ratio 
ST  : Average number of storeys  
FAR : Floor Area Ratio 
GSC : Gross Site Coverage 
 
 As can be seen from the previous sub chapters, the F-test in the multiple 
regression analysis for all the models in their log form shows a significance level less 
than 0.05 (even p < 0.01), which indicates that the variables in the models help to 
explain the dependent variable. Hence, this evidence rejects the null hypothesis. 
 The impact of each urban geometry texture variable on the dependent variables 
has been discussed in the previous section (see Chapter 5.3.5). The final models 
represented in this chapter support the findings and discussions from the literature 
review. The impact of each urban texture variable can be interpreted from the models 
by looking at Table 6.8 to 6.11  
Table 6.8. Interpretation of SCLU model in relation to its predictors 
ܵܥܮ௎ ൌ 5.637ሺܸܵܨሻଵ.଻଺଺ଶሺܱܴܵሻ଴.ଵ଺଼ଽ  
Estimated Percent Change 
in SCLU 
Percent Change in 
SVF 
Percent Change in 
OSR 
+ 1.7662 + 1 (fixed) 
+ 0.1689 (fixed) + 1 








Table 6.9. Interpretation of ECGU model in relation to its predictors 
ܧܥܩ௎ ൌ 0.7078ሺܸܵܨሻ଴.ଷଷଽ଼ሺܱܴܵሻ଴.଺ସଽଵሺܵܶሻି଴.ଷଵସଽ 
Estimated Percent 
Change in ECGU 
Percent Change in 
SVF 
Percent Change in 
OSR 
Percent Change in 
ST 
+ 0.34 + 1 (fixed) (fixed) 
+ 0.65 (fixed) + 1 (fixed) 
- 0.32 (fixed) (fixed) + 1 
+ 0.99 + 1 + 1 (fixed) 
+ 0.03 + 1 (fixed) + 1 
+ 0.33 (fixed) + 1 + 1 
+ 0.67 + 1 + 1 + 1 
 
Table 6.10. Interpretation of SGU model in relation to its predictors 
ܵܩ௎ ൌ 0.19	ሺܸܵܨሻ଴.ସଽଽସሺܨܣܴሻି଴.଺ସଵ଻ሺܩܵܥሻି଴.ହହ଺ 
Estimated Percent 
Change in SGU 
Percent Change in 
SVF 
Percent Change in 
FAR 
Percent Change in 
GSC 
+ 0.50 + 1 (fixed) (fixed) 
- 0.64 (fixed) + 1 (fixed) 
- 0.56 (fixed) (fixed) + 1 
- 0.14 + 1 + 1 (fixed) 
- 0.06 + 1 (fixed) + 1 
- 1.20 (fixed) + 1 + 1 
+ 0.70 + 1 + 1 + 1 
 
Table 6.11. Interpretation of FAIGU model in relation to its predictors 
ܨܣܫܩ௎ሺWh	mିସሻ ൌ 0.5441ሺWh mିସሻሺܸܵܨሻଶ.ଶ଼ଵଵ 
Estimated Percent Change in FAIGU Percent Change in SVF 
+ 2.30 + 1 
  
 These tables explain how to interpret the impact of various urban texture variables 
on the related thermal load unit. By using the constant elasticity approach, the 
exponent of each variable represents the percentage change of the dependent 
variable, for 1% change in each of the predictors, when all other things are kept fixed. 
Furthermore, an equal 1% increase of all independent variables brings a certain 
percentage increase, which can be obtained by summing all the exponent values of 
the related thermal load unit model. Hence, one can see the amount of influence of 
each urban predictor on determining the thermal load units. Moreover, the influence 




 With respect to other variables (excluding the ܨܣܫܩ௎  model), increasing or 
decreasing all or some of the urban texture variables at the same time yields an 
accumulation impact, and this can be calculated by summing the exponent values for 
the changed variables. For the ܵܥܮ௎ model, increasing each ܸܵܨ and ܱܴܵ by 10% 
brings up the ܵܥܮ௎  by 19%. Meanwhile, increasing 10% of all ܸܵܨ , ܱܴܵ , and ܵܶ 
variables increases the ܧܥܩ௎  by 6.7%. Lastly, a 7% increase in ܵܩ௎  is expected, 
when all ܸܵܨ, ܨܣܴ, and ܩܵܥ are increased by 10%. 
 The easiest way to explain these models’ interpretation is by using examples, 
where a baseline scenario has been established. Hence, by changing the values of 
the urban texture variables, one can see their impacts on the thermal unit loads. 
Table 6.12 shows a hypothetical case study with pre-determined predictors’ values. 
Then, after each of the urban texture variables has been increased by 10% from the 
original values, the changes on the related thermal load unit can be determined 
either by using the model or the percentage reference, according to Table 6.8 to 
6.11. The examples provided in Table 6.12 support the constant elasticity model 
theory, as described in Chapter 6.2. 
Table 6.12. Examples on how to determine the impact of increasing the urban textures variables on 
sensible cooling load unit. 
ܵܥܮ௎ ൌ 5.637ሺܸܵܨሻଵ.଻଺଺ଶሺܱܴܵሻ଴.ଵ଺଼ଽ  
SVF OSR 











e 0.150 0.8110  
+10% 0.44 (fixed) 0.150 0.9597 17.66 0.9543
(fixed) 0.40 +10% 0.165 0.8242 1.69 0.8247
+10% 0.44 +10% 0.165 0.9753 19.35 0.9680
   
 When looking at the urban texture variables individually, Table 6.8 to 6.11 indicate 
that ܸܵܨ  impact differs from one model to another, and this is mainly due to the 
presence of other variables in the equation, with the exception of the ܨܣܫܩ௎ model 




is positively related to dependent variables (this concurs with both the literature 
review finding and the correlation study in Chapter 5.3.5). Moreover, the models 
suggest that the ܸܵܨ effect is smaller for both ܧܥܩ௎and ܵܩ௎ because the other two 
variables are controlled in order to make a better estimation.  
 On a similar note, the models also imply that ܱܴܵ is positively related to both ܵܥܮ௎ 
and ܧܥܩ௎ , which is already consistent with earlier observations. ܱܴܵ  defines the 
remaining open space area with the amount of built-up floor area ratio. A low ܱܴܵ 
means that the urban area lacks open space but is densely built up (which can also 
indicate the presence of high-rise buildings). Consequently, a low ܱܴܵ  condition 
results in lesser exposure of solar radiation and more overshadowing. This is further 
elaborated by the model, which suggests that increasing the ܱܴܵ by 10% from a 
baseline case brings up both the ܵܥܮ௎  and ܧܥܩ௎  of 1.7% and 6.5% respectively, 
when all other variables are kept fixed (see Table 6.8 and Table 6.9).  
 Related with urban openness, ܩܵܥ defines two-dimensional density on the ground 
by measuring the building footprint area. As ܩܵܥ  rises, the urban area tends to 
become denser, and vice versa. Both the ܵܩ௎ model 
(૞. ૟૜ૠ൫܅ܐ	ܕି૝൯ሺࡿࢂࡲሻ૚.ૠ૟૟૛ሺࡻࡿࡾሻ૙.૚૟ૡૢ (6.6) and Table 6.10 further support the 
previous statement, where ܩܵܥ is negatively related with the solar gain unit.  
 Meanwhile, a higher ܨܣܴ value encourages more floor area to be built regardless 
of ground space availability. Consequently, once the limit of ground space available 
has been reached, the buildings have to go higher. Higher ܨܣܴ mostly indicates the 
presence of multi-story or even tower buildings. Consequently, this decreases the 
sky openness, lowering the solar radiation exposure, particularly for the lower or 
street levels. A similar explanation also can also be shared with the ܵܶ variable, 
which measures the average number of stories. The interpretation of both ܵܶ and 




6.6 Models strength and accuracy 
 Model strength and accuracy is measured with several approaches. Figure 6.3 
shows the scatter plot of simulated thermal load units against the predicted ones at 
every data point. Due to the models non-linear form, the data represented in the 
scatter plots are in log transformed values. Hence, the linear regression analysis can 
be performed to see the how empirical models can be used to make a prediction of 
the simulated result.  
 Overall, the predicted trend lines from empirical models closely follow the 
simulated ones. The same charts also display the linear relationship between 
simulated and predicted outputs with a high R-squared value. 
 
Figure 6.3. Scatter plot comparing results of predicted and simulated thermal load units. 









 Figure 6.4 displays the line charts comparing simulated against predicted thermal 
load units. It can be deduced that the empirical models are able to explain the 
behavior of the urban texture variables on determining the relevant thermal load unit. 
This reveals how the line of calculated thermal load units are close to the simulated 
line.  
 However, the charts also highlight that the models appear to be under predicting 
the values under scenarios with 20% site coverage, particularly for compact- and 
low-height building cases. But this is considered acceptable, since those scenarios 
can be considered ‘extreme’ cases. This is mainly because such extreme cases are 
rarely the typology of either commercial or business districts. It is commonly found 
that these districts are highly dense and mostly have a higher site coverage than 
30%; in which these models are able to work well under the circumstances.  
 






Furthermore, Figure 6.5 reveals that the whisker plot charts illustrate the 25th, 50th 
and 75th percentile of both simulated and predicted thermal load units (ܵܥܮ௎, ܧܥܩ௎, 
ܵܩ௎ , and ܨܣܫܩ௎  respectively). One can observe from the plot figure that both 
simulated and predicted data have comparable ranges both between the box (25th 
and 75th percentile) and between the whiskers (minimum and maximum). Moreover, 
the plot chart also displays that the other indicators (minimum, 25th percentile, 
median and mean) appear to be similar and not considerably different. Hence, this 
suggests that the empirical models are able to calculate the thermal load units of 
buildings with sufficient accuracy. 
 By comparing the values between the simulated and predicted results, regression 
models for all thermal load units slightly under-predict the simulated values, 
particularly for the areas with low site coverage. Nevertheless, the models are able to 
explain the behaviour of the urban texture variables well in terms of how they affect 
the thermal load (sensible cooling load, envelope conduction, solar, and fresh air 
intake gain) behaviour within the precinct. 
6.7 Conclusion 
 This chapter has demonstrated how the empirical models are predict the thermal 
load units. A total of 462 cases of different urban forms has been simulated in order 
to generate robust and reliable models, comprising several possible urban texture 
indicators that affect heat gains receivable by the non-domestic/office type buildings. 
 From the initial seven urban morphological variables selected previously, 
compactness (ܥ) and sky view exposure (ܵ݇ݕܧܨ) have been excluded from the final 
models, due to insignificance and multicollinearity issues. Hence, the final prediction 





Figure 6.6. Final prediction work flow to determine thermal load of a precinct. 
 
 The coefficients of determination (R2) of these empirical models are fairly high. 
Furthermore, the analysis has shown that the comparison between simulated and 
predicted values for all parametric cases is close in terms of magnitudes and trends. 





CHAPTER 7 SENSITIVITY ANALYSIS 
7.1 Introduction 
 The objective of this chapter is to analyze the dependence of each thermal load 
unit (sensible cooling load, envelope conduction, solar, and fresh air intake gain) 
regarding variations in each urban texture variable. Sensitivity analyses were carried 
out to achieve the previously mentioned objective by checking the changes in 
thermal load units with certain systematic variations in urban texture variables by 
using the models developed in Chapter 6. 
 However, before conducting the sensitivity analysis for each model, it is important 
to establish the limit range for the urban texture variables. This can be done by 
creating a matrix comprised of variables and their workable range. For example, an 
urban area with a high ܸܵܨ of 0.7 (considerably wide open) will probably not have an 
ܱܴܵ condition of 0.5, which can be categorized as densely built. Hence, the matrix 
can be used as a guideline to observe the scenarios that are most likely to be 
workable in real life conditions.  The matrix was established for thermal load unit, 
except ܨܣܫܩ௎, since it comprises only ܸܵܨ as its main predictor.  
7.2 Establishing variables limit range 
 The limit range for each variable can be determined by using iterated modeled 
buildings through a computer-aided design (CAD) program. Utilizing the same site 
area used for all 462 scenarios, a 300 x 300 m boundary is divided into 9 blocks, 
where each comprises a single building (see Figure 7.1). Thus, this layout with a 
single building for each block will be called Type 1.  
 Building size iterations have been determined by using the variable values’ range 
from the simulated scenarios (as can be seen in Figure 7.1 and Table 7.1). For the 
sensitivity analysis limit range, ܸܵܨ will be calculated after all other variables have 




extreme cases from the simulation scenarios have an ܱܴܵ  greater than 2. 
Furthermore, an urban area with an ܱܴܵ of 2 can already be described as having an 
open layout with minimal low-height buildings. For ܵܶ, the maximum limit range has 
been increased to 30 stories in order to stretch the models’ capability of estimating 
thermal load units on a higher urban canopy.  
 
Figure 7.1. Grid arrangement with 300 x 300 m boundary size to establish limit range for workable 
variables. 
 




Urban Texture Variables  MIN  MAX  MIN  MAX 
SVF  0.25  0.88 (calculated) 
OSR  0.04  3.18 0.05  2.00
FAR  0.27  10.86 1.00  12.00
GSC  0.14  0.54 0.20  0.80
ST  2.00  20.00 2.00  30.00
 
 Then, a single building from each block was split into 36 smaller masses, 
maintaining other variable value. This 36-building layout is called type 2. For each 
iteration, type 1 (singular rectangular shape) is used to determine the maximum ܸܵܨ, 
while type 2 is used to determine the minimum ܸܵܨ (see Figure 7.2). This is mainly 
because the type 1 configuration has the most compact form: a singular rectangular 
building. Hence, the urban canyon created with this configuration is the optimum one.  
 On the other hand, type 2 has the same size characteristics as type 1 in terms of 
ܱܴܵ, ܩܵܥ, and ܨܣܴ, but it has the least compact configuration because its singular 




urban canyon with smaller ܸܵܨ . ܸܵܨ  was calculated by averaging the view factor 
values at the middle block, using Skyhelios. 
 
Figure 7.2. Illustration showing the difference between type 1 and 2 in term of compactness, while 
maintaining the other parameters (OSR, GSC, FAR, and ST). 
 
 Looking at the related variables for ܧܥܩ௎ , ܵܩ௎ and ܵܥܮ௎ models, the iteration 
process was also differentiated: 
 For ܧܥܩ௎, scenarios were divided into several groups of ܱܴܵ values (from 0.05 to 
4). Within each group, ܵܶ  is increased incrementally (from 2 to 30), and 
maintaining the ܱܴܵ. Hence, ܵܥ and ܨܣܴ changed accordingly for each iteration 
(ܵܥ  decreases, ܨܣܴ  increases). This information was used to determine the 
footprint size for building models (see Table 7.2 for matrix, and Appendix 12.12). 
 For ܵܩ௎, scenarios were divided into several groups of ܩܵܥ values (from 0.2 to 
0.8). Within each group, iterations were made for ܨܣܴ, with values ranging from 1 
to 12, hence increasing ܨܣܴ and maintaining ܩܵܥ results in bringing up ܵܶ. (See 
Table 7.3 for matrix, and Appendix 12.13 for the clearer text.) 
 For ܵܥܮ௎, the limit range matrix was established by condensing the ܧܥܩ௎ table, 
since the latter has both ܸܵܨ and ܱܴܵ variables (see Table 7.4).  
 The grey color cells represented in Table 7.2 to Table 7.4 highlight the realistic 
and workable ܸܵܨ values under certain variable conditions (ܱܴܵ, ܩܵܥ, ܵܶ, or ܨܣܴ). 
These matrixes serve as a quick guide for analyzing urban areas when the urban 
texture variables are known. Hence, one can quickly determine the thermal load unit 
values for certain urban types. Then, along with the surface and floor area 









Table 7.3. SVF limit range values for SGU variables. 
 
Table 7.4. SVF limit range values for SCLU based on various OSR condition. 
Sensible Cooling Load Unit (SCLU) Limit Range (Wh m‐4) 
OSR  SKY VIEW FACTOR 
0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9 
0.05  0.0582  0.1981  0.4053  0.6737                
0.10  0.0655  0.2227  0.4557  0.7574  1.1232             
0.50        0.5980  0.9940  1.4741  2.0341  2.6706  3.3810    
1.00           1.1174  1.6572  2.2868  3.0024  3.8009  4.6799 
1.50              1.7747  2.4489  3.2152  4.0704  5.0116 
2.00              1.8631  2.5708  3.3753  4.2731  5.2612 
 
7.3 Sensitivity analysis of prediction models 
 The sensitivity analysis uses the previous matrix tables (Table 7.2 to Table 7.4) as 
references on checking the changes in thermal load units with certain systematic 




of various variables, which has been established for each of the thermal load units, 
with the exception of ܨܣܫܩ௎, which only has ܸܵܨ as its main predictor, where the limit 
range is defined from 0 to 1. 
7.3.1 Envelope Conduction Gain Unit 
 The morphological variables from the parametric study that were systematically 
varied for this model sensitivity analysis are ܸܵܨ, ܱܴܵ, and ܵܶ. Figure 7.3 displays 
the sensitivity analysis charts for ܧܥܩ௎ , where two charts showing the same data 
from Table 7.2 are displayed in different perspectives.  
 Both charts A and B are grouped into different ܱܴܵ groups. For set A, each ܱܴܵ 
group contains the workable ܸܵܨ scenarios, while the charts show the behavior of 
the ܸܵܨ  variables when the average story height is increased incrimentaly. 
Meanwhile, for set B, the charts show the behaviour of ܵܶ when the ܸܵܨ is increased 
incrementally by 0.1.  
 Both charts from Figure 7.3 suggest that higher ܸܵܨ leads to higher ܧܥܩ௎, due to 
the higher exposure on the building surface because of the openness condition. 
Under closer observation, the charts also suggest that, under the fixed ܵܶ condition, 
increasing the ܸܵܨ results in bringing up the ܧܥܩ௎. This phenomena can be further 
elaborated upon by using some examples. 
 As can be seen Figure 7.4, 5 different urban layouts have an ܱܴܵ of 0.5 and an 
ܵܶ of 10. However, the ܸܵܨ condition varied in between them. The chart shows that a 
higher ܸܵܨ brings up the envelope conduction unit. It is important to note that, under 
the fixed ܱܴܵ and ܵܶ, the ܸܵܨ variation is due to the urban compactness; this means 
a more compact layout tends to have fewer buildings and a wider urban canyon, 
which leads to higher ܸܵܨ. Example number 1 has the lowest ܧܥܩ௎ due to its low 
ܸܵܨ condition (0.37), while number 5 has the highest ܧܥܩ௎ due to its compact layout, 
which leads to a high ܸܵܨ condition (0.77).  
7
   




Figure 7.3. Sensitivity analysis charts for ECGU





Figure 7.4. Example set layout of configurations with SVF variation, and everything else is fixed.









 Figure 7.5 offers another example of a different urban layout with a similar ܸܵܨ 
condition. 4 different urban layouts with ܸܵܨ around 0.65 and various ܵܶ condition 
were compared. Under similar ܸܵܨ and ܱܴܵ conditions, the sensitivity analysis charts 
suggested that increasing the ܵܶ brings down the ܧܥܩ௎ . This can be explained by 
looking at the compactness condition of each case. Compactness is measured by 
looking at the surface/volume ratio, which relats to the number of buildings within the 
studied area. This is where the roof/wall ratio plays a role (assumming the buildings 
have flat roofs).  
 In order to maintain an ܱܴܵ  of 0.5 and ܸܵܨ  of 0.65, increasing the ܵܶ  must 
coincide with making the urban form more compact. This affects the roof/wall ratio for 
each case. Urban layout number 1 comprises 2-story buildings with a larger footprint 
than the other 3 examples. Hence, it has the largest roof/wall ratio. As the building 
goes higher, the building’s footprint becomes smaller in order to maintain both ܱܴܵ 
and ܸܵܨ conditions. Thus, the roof/wall ratio becomes smaller, since the roof area is 
reduced as the wall surface becomes larger. Therefore, the roof surface is exposed 
for the whole day, while the wall surface is usually exposed partially during the day 
(depending on the orientation). Thus, the urban layout with a higher roof/wall ratio 
tends to have a higher ܧܥܩ௎ as well. This is reflected in the ܧܥܩ௎ value for each of 
the examples in Figure 7.5 with regards to the roof/wall ratio condition. 
 To summarize the sensitivity analysis of the ܧܥܩ௎ model, Figure 7.6 illustrates the 
observed variables’ behaviour, insofar as it compiles the information obtained from 
Figure 7.3 and Table 7.2 into two charts. Both charts provide a guideline to determine 
the ECGU output by looking at the workable values range of ܸܵܨ , ܱܴܵ , and ܵܶ , 
respectively.  
 From chart A, by condensing the ܵܶ information, one can observe that increasing 
ܸܵܨ and ܱܴܵ brings up the ܧܥܩ௎. It appears that the relationship between  ܸܵܨ and 




   
 
Figure 7.6. Sensitivity analysis showing the range values for various OSR groups. 
 
 Chart B indicates that, by condensing the ܸܵܨ information, increasing the ܵܶ of 
the urban layout brings down the ܧܥܩ௎, while increasing the ܱܴܵ results in higher 
ܧܥܩ௎ .  
 One can clearly see the curviliniar relationship (concave up, decreasing) between 
ܵܶ and ܧܥܩ௎ regardless ܱܴܵ condition, with the turning point reached once the ܵܶ is 
at 10-story high. The decrease is evidently clear from 2 to 10 stories, where the solar 
radiation received by the buildings becomes lesser due to overshadowing and 
diminishing roof top area. Once the ܵܶ iteration reach approximately 10-story high, 
the decrease rate of of ܧܥܩ௎becomes lesser. This is mainly because the amount of 
overshadowing has reached its potential, where further increase of shading has less 





7.3.2 Solar Gain Unit 
 The morphological variables that were systematically varied are ܸܵܨ, ܨܣܴ, and 
ܩܵܥ. Figure 7.7 displays the sensitivity analysis charts for ܵܩ௎ , where two charts 
showing the same data from Table 7.3 are displayed in different perspectives. 
 Looking at both sets A and B, it can be deduced that higher site coverage results 
in a lower solar gain unit. This can be seen by observing the overall ܵܩ௎ values for 
different gross site coverage or ܩܵܥ  groups. ܩܵܥ  is the measurement of urban 
density when looking at the building footprint sizes; hence, higher ܩܵܥ leads to a 
larger footprint and reduced open space. On the other hand, the ܸܵܨ condition also 
determines the ܵܩ௎ , where higher ܸܵܨ  brings up the gain unit. This is expected, 
since, as explained before, ܸܵܨ measures the openness of an urban area. In the 
end, a higher ܸܵܨ condition leads to more exposure from solar radiation. 
 Observation on the ܨܣܴ predictor indicates that higher ܨܣܴ brings down the ܵܩ௎, 
which can be explained since an urban area with a high ܨܣܴ value leads to a denser 
urban layout, either horizontally (taking up ground space) or vertically (in tower or 
skyscraper forms).  
 The relationship between ܸܵܨ  and ܵܩ௎  is positively linear regardless the ܨܣܴ 
condition. On the other hand, ܨܣܴ  has curvilinear relationship (concave up, 
decreasing) with ܵܩ௎, where the turning point is reached when ܨܣܴ is at 5, which is 
only applicable for certain ܸܵܨ  conditions. The evident ܵܩ௎  decline due to ܨܣܴ 
increase can be observed from ܨܣܴ of 1 to 5, then gradually becomes more linear.  
 To elaborate upon these findings, the following section employs examples of 
various set of urban layouts. 
   





Figure 7.7. Sensitivity analysis charts for SGU. 
 
 









 Figure 7.8 compares 4 different hypothetical urban layouts that have been sorted 
based on ܨܣܴ difference, with ܸܵܨ and ܩܵܥ respectively kept fixed. It appears that, if 
the ܨܣܴ  rises, the urban layout has to be built higher and also becomes more 
compact, in order to maintain both ܸܵܨ and ܩܵܥ conditions (as the ܨܣܴ goes higher, 
the urban form becomes more compact). As mentioned briefly before, a high ܨܣܴ 
condition leads to a lower ܵܩ௎  value, and this can be explained by using the 
area/perimeter ratio.  
 Area/perimeter ratio is calculated by dividing the footprint area with the perimeter 
length, where this ratio is used to indicate the building depth (a higher ratio indicates 
a deeper floor plan and vice versa). Evaluation of floor plan depth leads to the 
observation of how far solar radiation penetrates. A floor plan with a low 
area/perimeter ratio (such as urban layout number 1) shows that most of the area is 
exposed to solar radiation. As the urban form becomes more compact, the 
area/perimeter ratio rises, and the floor plan becomes deeper. Hence, the amount of 
floor plan exposed lessens.  
 According to Baker and Steemers (1992), this exposed area is called the passive 
zone, an area that can optimally receive daylight and natural ventilation. Non-passive 
zones are away from the envelope and thus require mechanical ventilation and 
artificial lighting but do not suffer from unwanted solar gains. This passive zone depth 
from a side wall is defined as twice the floor to ceiling height (6-7 meters).  
 The areas indicated in red in Figure 7.8 highlight the passive zones. One can 
observe that, as the area/perimeter ratio rises, the building floor plan becomes 
deeper, and, as the result, the passive zone area diminishes, (limited only at the 
perimeter next to the façade/envelope area). Thus, under similar ܸܵܨ  conditions, 
buildings with a deep floor plan (high area/perimeter ratio) would have lower ܵܩ௎ 




supports the previous finding where ܨܣܴ has curvilinear relationship with ܵܩ௎  (where 
the turning point is reached when  ܨܣܴ =5). 
 
Figure 7.9. Chart showing the relationship between SGU and Area/Perimeter Ratio under fixed SVF 
condition. 
  
 Meanwhile, Figure 7.10 provides examples that elaborate upon the behaviour of 
ܸܵܨ toward ܵܩ௎. The chart shows that—under the ܨܣܴ, ܩܵܥ, and ܵܶ condition at 2.4, 
2, and 12, respectively—the variation of ܸܵܨ values indicates that urban areas with 
more open space (number 1) encounter a higher ܵܩ௎ than dense areas comprising 
tight street canyons (number 5).  
 To summarize, examples from both Figure 7.8 and Figure 7.10 elaborate the 
sensitivity analysis displayed in Figure 7.7, which shows the behavior of the urban 
texture variables of ܸܵܨ , ܨܣܴ , and ܩܵܥ , with respect to ܵܩ௎  as the dependent 
variable. 









7.3.3 Sensible Cooling Load Unit 
 The morphological variables from the parametric study that were systematically 
varied for this model sensitivity analysis are ܸܵܨ and ܱܴܵ. As explained before, the 
ܸܵܨ value ranges from 0 to 1, where 0 indicates open area, while 1 for enclosed or 
totally shaded condition. ܱܴܵ value range has been set from 0.05 to 2, where low 
value indicates large floor area with minimum open space available and vice versa.   
 
 



















































 Figure 7.11 displays the sensitivity analysis chart for ܵܥܮ௎, which is based on the 
tabulation from Table 7.4. Both chart A and B show the same data from different 
perspectives. The upper chart displays ܱܴܵ  behavior when the ܸܵܨ  condition 
increases, while the bottom chart displays the opposite.  
 Chart A suggests that increasing the ܸܵܨ tends to raise the ܵܥܮ௎, although this is 
not reflected significantly for tight and dense urban conditions, where OSR and ܸܵܨ 
have low values. From a different point of view, chart B also supports the finding that 
higher ܸܵܨ conditions for each ܱܴܵ group tend to increase the ܵܥܮ௎. As expected, 
this is mainly because ܸܵܨ is the measurement of urban form openness. Hence, it 
determines the amount solar radiation exposure and overshadowing from the 
surroundings to some extent.  
 Both charts also indicate that, under workable and realistic ܸܵܨ conditions, higher 
ܱܴܵ also brings up the ܵܥܮ௎ . This is mainly because, under high ܱܴܵ values, the 
urban layout is less built up and has much more open space. As described before, 
ܱܴܵ also provides information regarding the building’s height, because under a low 
ܱܴܵ condition, accommodating a large amount of floor area necessitates vertically 
oriented buildings, due to the lack of ground space available. Overall, it appears that 
the changes in ܸܵܨ are more sensitive to ܵܥܮ௎ than ܱܴܵ, which can be observed by 
the rate of changes from both charts.  
 Few examples are provided in the next section, in order to elaborate upon the 
sensitivity analysis illustrated in Figure 7.11. The examples show the behaviour of 
each urban morphology predictor (ܸܵܨ  and ܱܴܵ) when the other is kept fixed. It 
appears that ܸܵܨ  has curvilinar relationship (concave up, increasing) with ܵܥܮ௎ , 
where the turning point is at ܸܵܨ = 0.5. This means, urban area with ܸܵܨ of 0.5 and 
above gradually receives more solar exposure, while below 0.5 the amount of 
overshadowing is sufficient to shade the building surfaces, hence the rate of ܵܥܮ௎ 
















 Figure 7.12 displays a set of 5 examples comprising urban layouts with an ܱܴܵ of 
0.5, and have been sorted based on their ܸܵܨ values, from lowest to highest (0.37 to 
0.77). Also, the ܵܶ, ܨܣܴ, and ܩܵܥ were kept fixed as well. The chart indicates that 
the increase of ܸܵܨ under the above-mentioned condition brings up the ܵܥܮ௎, with 
the rate of increase being positively linear. 
 Figure 7.13 shows another set of 5 urban layouts with a fixed ܱܴܵ of 0.5, and 
have been sorted based on their ܸܵܨ values from lowest to highest (0.4 to 0.81). 
Other variables have, however, been varied this time. As in the previous analysis, the 
increase of ܸܵܨ results in higher ܵܥܮ௎, regardless of the ܵܶ, ܨܣܴ, and ܩܵܥ of each 
urban layout. Furthermore, the rate of increase of ܸܵܨ  if the ܱܴܵ  is kept fixed is 
positively linear.  
 Figure 7.14 displays several urban layouts with a fixed ܸܵܨ condition, and the ܱܴܵ 
has been sorted from the lowest to highest (0.5 to 2), where the purpose is to 
observe the ܱܴܵ  behaviour if the ܸܵܨ  changes. The chart indicates that an ܱܴܵ 
increase brings up the ܵܥܮ௎ . The trend is almost positively linear, with a small 
indication of a curvilinear form (concave away from the origin). This is mainly 
because, when increasing the ܱܴܵ and maintaining the ܸܵܨ condition at the same 
time, the other variables have to be changed accordingly. ܨܣܴ and ܩܵܥ go lower, 
which means density diminishes, more open space becomes available, and there is 
more exposure from solar radiation. Also, ܵܶ  becomes lower, which means the 
roof/wall surface ratio becomes higher as the ܱܴܵ goes up, eventually increasing the 
ܵܥܮ௎.  
 Overall these three sets of examples have elaborated upon the sensitivity analysis 
for ܵܥܮ௎  as a dependent variable and its urban morphology predictors (ܸܵܨ  and 
ܱܴܵ). In the end, each of the predictors plays a role in determining the urban form 
characteristics. On one hand, ܸܵܨ  has sky view openness, while ܱܴܵ  provides 
density and height level. It appears that the impact of ܩܵܥ, ܨܣܴ, and ܵܶ has been 
captured by the ܱܴܵ  component, which explains why ܱܴܵ  and ܸܵܨ  are deemed 









7.3.4 Fresh Air Intake Gain Unit 
 For this model, ܸܵܨ is the morphological variable that is systematically varied (the 
range is from 0 to 1). As can be observed from Figure 7.15, the chart indicates that 
ܸܵܨ  has a positive curvilinear relationship (convex away from origin) with ܨܣܫܩ௎ , 
where the turning point is reached when SVF = 0.5.  
 
Figure 7.15. Sensitivity analysis charts for FAIGU. 
 
 This was expected, since, as explained in the previous chapter, the ܸܵܨ correlates 
positively with ambient air temperature (see Figure 5.2), which explains its 
relationship with ܨܣܫܩ௎ . Furthermore, Figure 7.16 compares the scatter plots 
between the fresh air intake gain unit with	ܸܵܨ, ௠ܶ௔௫ , and ௔ܶ௩௚ , respectively. The 
charts show that the trend line between ܨܣܫܩ௎ and ܸܵܨ aligns closely with the other 
two trend lines from ܨܣܫܩ௎: ௠ܶ௔௫, and ௔ܶ௩௚.  
 The heat gain on account of the fresh air intake is mostly determined by the 
difference between the outdoor and indoor temperature. The heat gained from the 
higher temperature of fresh air intake results in adding the cooling load of the air 
conditioning system. Thus, this study has shown that the ܸܵܨ  is the main urban 
























Figure 7.16. Scatter plot showing the correlation between fresh air intake gain unit (FAIGU) with sky view 

























































 The sensitivity analysis concurs with the findings from the literature reviews, which 
show that ܸܵܨ  is an important urban morphological predictor for determining the 
thermal load unit. This can be seen by its presence in each of the thermal load unit 
models. Other urban morphological variables, such as ܱܴܵ , ܵܶ , ܨܣܴ , and ܩܵܥ 
provide additional information regarding urban density, which complement SVF in 
terms of characterizing the urban layout.  
 Hence, the following is sensitivity analysis summary of each thermal load unit 
model predicts the sensible cooling load and external heat gain per floor and surface 
unit area on typical office buildings: 
1. Envelope Conduction Gain Unit (ܧܥܩ௎) 
 Urban morphological predictor: ܸܵܨ, ܱܴܵ, ܵܶ 
 ܸܵܨ  represents the sky openness, while ܱܴܵ provides input on built-up 
density and ܵܶ for height.  
 Each ܸܵܨ  or ܱܴܵ  increases while maintaining the other variables, 
increasing the ܧܥܩ௎ and solar radiation exposure. 
 ܸܵܨ and ܧܥܩ௎has positive linear relationship. 
 ܵܶ increases while maintaining the other variables lower down the ܧܥܩ௎. 
The reduction follows the roof/wall ratio decrease, due to the ST increase. 
 ܵܶ and ܧܥܩ௎has curvilinear relationship (concave up, decreasing), with 
turning point is at ܵܶ = 10. 
2. Solar Gain Unit (ܵܩ௎) 
 Urban morphological predictor: ܸܵܨ, ܨܣܴ, ܩܵܥ 
 ܸܵܨ represents the sky openness, while both ܨܣܴ and ܩܵܥ provide input 
on horizontal and vertical density.  
 ܸܵܨ or ܩܵܥ both increase while maintaining the other variables, bringing 




 ܸܵܨ and ܵܩ௎has positive linear relationship. 
 ܨܣܴ increases while maintaining other variables, lowering the ܵܩ௎ . The 
reduction follows the increase of floor plan area/perimeter ratio trend, 
where a higher area/perimeter ratio leads to a deeper floor plan; thus the 
heat gain penetration only reaches the 6-7 meter boundary for passive 
zones from the building envelope.  
 ܨܣܴ and ܵܩ௎ has curvilinear relationship (concave up, decreasing), with 
turning point is at ܨܣܴ = 5. 
3. Sensible Cooling Load Unit (ܵܥܮ௎) 
 Urban morphological predictor: ܸܵܨ, ܱܴܵ. 
 An increase in both ܸܵܨ and ܱܴܵ results in higher ܵܥܮ௎ . 
 ܸܵܨ  and ܵܥܮ௎has curvilinear relationship (concave up, increasing) with 
turning point is at ܸܵܨ = 0.5 
 ܸܵܨ  represents the sky openness, while ܱܴܵ  characterizes the urban 
density (both horizontally and vertically). 
4. Fresh Air Intake Gain Unit (ܨܣܫܩ௎) 
 Urban morphological predictor: ܸܵܨ 
 An ܸܵܨ  increase brings up the ܨܣܫܩ௎ , since the increase of ambient 
temperature follows the ܸܵܨ condition.  
 ܸܵܨ and ܨܣܫܩ௎ has curvilinear relationship (concave up, increasing) with 





CHAPTER 8 MODEL APPLICATION ON CASE STUDIES 
8.1 Introduction 
 The objective of this chapter is to validate and demonstrate the model’s 
implementation on predicting thermal loads (sensible cooling load, envelope 
conduction, solar, and fresh air intake gain) using a real site locations at the 
Singapore central business district. Overall, this chapter has two sub sections: 
1. Applying the models on real urban areas, using buildings information from 
existing master plan. 
2. Applying the models for design benchmark purpose, using future master plan 
of a newly developed CBD area.  
 Furthermore, this chapter also demonstrates how to complement the thermal load 
analysis with other studies, such as outdoor temperature heat maps, wind studies, 
greenery implementation, and outdoor thermal comfort. The main purpose is to 
provide a more complete analysis, which does not only focus largely on thermal 
loads or energy consumption. These additional analyses are based on research and 
studies which have been done recently under Singapore context.  
8.2 Case Study 1 
8.2.1 Locations 
 The first case study demonstrates the application of the thermal load models on 
real existing locations within the business district area. Two areas of 9 hectares have 
been selected from Tanjong Pagar and Shenton Way areas; both are prominent 
office/commercial districts in Singapore. Furthermore, these two locations have 
distinctive urban features, as can be seen in Figure 8.1. Area number 1 is at Shenton 
Way (1° 16' 50.51" N, 103° 50' 53.81" E); which is well-known for its skyscrapers and 
office towers. Meanwhile, the second site is at Tanjong Pagar (1° 16' 44.6" N, 103° 





Figure 8.1. Selected areas for first case study. 
 
 





8.2.2 Acquiring urban texture variables 
 The next step is to obtain urban texture variables from the existing master plan 
data as the reference. As described in Chapter 6, the thermal load models require 5 
urban texture variables: FAR, GSC, ST, OSR, and SVF. The first four variables can 
be extracted and calculated using GIS, while the latter one needs to utilize Skyhelios. 
 However, when calculating the ST, floor-to-floor height was set at 3.5 meters, 
following the assumption made during models development. Since the master plan 
provides the building height information, the ST for each location can be obtained 
using Equation 8.1, while GSC, FAR, and OSR can be obtained by using Equation 
8.2, 8.3, and 8.4 respectively. To elaborate,	ܪ is individual building height, ݊	is the 
number of total buildings, ܤ is the individual building footprint (m2), and ܣ is the site 
area aggregation (m2). 
 ܵܶ ൌ 	 ∑ሺு ଷ.ହሻ⁄௡	௕௨௜௟ௗ௜௡௚௦   (8.1) 
 ܩܵܥ ൌ ∑஻஺    (8.2) 
 ܨܣܴ	 ൌ 	 ∑ሺ஻ൈௌ்ሻ஺    (8.3) 
 ܱܴܵ ൌ 	 ଵିீௌூி஺ோ   (8.4) 
 The SVF calculation from Skyhelios can be seen in Figure 8.3, where it displays 
the interpolation graphic based on the values per measurement point using 5 x 5 
meter grid. The final SVF number is the average values from all the points for each 
case study.  
8.2.3 Thermal load calculation 
 After obtaining all the required inputs, thermal load outputs for each case studies 
can be calculated by using the developed models. Final tabulation of the parameters 






Figure 8.3. Sky View Factor map calculated with Skyhelios. 
 
Table 8.1. Inputs and outputs variables for Case 1 (Shenton Way)  
CASE STUDY 1: SHENTON WAY 
Site Area 
90,170 m2 





FAR : 5.4794 
GSC : 0.5897 
OSR : 0.0749 
ST  : 10.880 
SVF : 0.3173 
 
ECGU  =  0.0420  Wh/m4 
ECG = 6,133.16 MWh/Yr 
FAIGU  =  0.0447  Wh/m4 
FAIG = 6,530.26 MWh/Yr 
SGU  =  0.1049  Wh/m4 
SG = 7,041.0 MWh/Yr 
   
SCLU  =  0.4791  Wh/m4 
SCL = 69,926.1 MWh/Yr 










Table 8.2. Inputs and outputs variables for Case 2 (Tanjong Pagar) 
CASE STUDY 2: TANJONG PAGAR 
Site Area 
89,920 m2 





FAR : 2.2062 
GSC : 0.5478 
OSR : 0.2049 
ST  : 4.2272 
SVF : 0.4306 
ECGU  =  0.1207  Wh/m4 
ECG = 3,887.8 MWh/Yr 
FAIGU  =  0.0736  Wh/m4 
FAIG = 2,370.83  MWh/Yr 
SGU  =  0.1049  Wh/m4 
SG = 3380.3  MWh/Yr 
   
SCLU  =  0.9734  Wh/m4 
SCL = 31,355.3   MWh/Yr 
  = 158.05  KWh/m2 
 
 One can observe that these two distinct areas are significantly different in terms of 
floor area (FAR), building heights (ST), and open space ratio (OSR), notwithstanding 
the GSC which appears to be similar. Although these two case studies do not have 
basis for comparison, the normalized SCL per floor unit (KWh/m2) indicates that case 
1 at Shenton Way has lower load per m2 (141.53 KWh/m2) compared to its neighbor 
(158.05 KWh/m2). This shows that Tanjong Pagar area, regardless of its GFA, has 
more solar exposure per m2 of floor area due to its low rise and SVF condition (0.43) 
which is higher than Shenton Way Area (0.32). Furthermore, the numbers show that 
although case 1 has GFA 2.5 times the size of the other one, it does not translate the 
same multiplier directly to the SCL performance (which is 2.2 times higher than case 
2).  
  This exercise showcases how the thermal load models can provide the overall 
district external heat gain and sensible cooling load by using the urban texture 
variables as the model inputs. It is also important to note that this calculation uses 
the assumption based on the boundary condition set during models development, in 




8.3 Case Study 2 
8.3.1 Site Selection 
 A 9-hectare office precinct has been chosen for demonstrating the model’s 
application. The area is located at the newly proposed CBD in Marina Bay area, in 
Singapore (1°16'33.2"N 103°51'36.0"E), as can be seen in Figure 8.4 and Figure 8.5.  
 
Figure 8.4. Marina Bay has been chosen as the studied area to demonstrate the models application. 
 
 






 The precinct comprises 6 planning blocks of 6.3 ha, with 2 large, elongated blocks 
(1.95 ha each) and 4 rectangular blocks (0.6 ha each). Based on the URA guideline, 
the maximum plot ratio has been set at 10, which means that the maximum buildable 
floor area is 630,000 m2. 
8.3.2 Methodology 
 After choosing the precinct location and determining its boundary, the area will be 
designed to meet the maximum floor area requirements based on the regulated ܨܣܴ 
for that planning district. A parametric design approach was implemented on 
configuring the whole precinct layout, from the number of buildings to the site 
coverage. The proposed precinct design options comprise point and slab shapes.  
 This exercise tries to demonstrate a more comprehensive micro climate analysis 
on a precinct by looking at several components, such as outdoor temperature, 
greenery, wind and outdoor thermal comfort. The workflow diagram can be seen in 
Figure 8.6. After performing the parametric approach to determine various design 
options, thermal load calculation was conducted on each scenario by using the 
prescribed calculation method (see Figure 6.6) and the final prediction models (see 
Chapter 6.5).  
 Meanwhile, urban ventilation analysis will be conducted by using the ventilation 
ratio ( ோܸ) method, observing the urban geometric condition to determine the wind 
speed condition at the pedestrian level. The result is then combined with the surface 
modification analysis to observe their impacts on outdoor temperatures, which in the 
end might reduce the overall energy performance of buildings. The last part deals 
with outdoor thermal comfort, which combines the wind and outdoor temperature 
components in order to determine the thermal sensation vote (ܸܶܵ), an index which 









8.3.3 Design Iterations 
 Like the “parent-children” concept back in Chapter 3.4, the parametric design 
approach uses the site coverage as the main iteration (from 20% to 60%), while the 
building height for each iteration was calculated to meet the maximum floor area. It is 
important to note that the site coverage is the measurement of allowable buildable 
footprint for each block plan, while the ܩܵܥ is the ratio of the total building footprint to 
the remaining open space of a studied area. The latter is one of the urban texture 
variables acknowledged within this study. 
 For this case study, every building has been set to have the same height for each 
iteration. Within this parametric approach, as the site coverage rises, the building 
height lowers to meet the maximum floor area restriction. Table 8.3 displays the 
iteration results by increasing the site coverage and changing the average number of 
stories (ܵܶ) accordingly. The next design iteration process is to configure and vary 
the compactness. 
Table 8.3. Urban texture variables values for each iteration. 
 
Site Coverage 20% 30% 40% 50% 60% 
FAR 7 7 7 7 7 
ST 50 33 25 20 17 
OSR 0.123 0.113 0.103 0.093 0.083 










 Compactness variation was accomplished by splitting the building into smaller 
sizes, maintaining the site coverage and building height altogether. The iteration 
starts from a single up to six buildings for each block. The complete parametric 
diagram can be seen in Figure 8.7. Due to this compactness iteration, the ܸܵܨ differs 
from one case to another, which means each case has its own unique sky view 
condition. In order to obtain the values, Skyhelios has been utilized again in order to 
calculate the ܸܵܨ. The results can be seen in Table 8.4 below.   
Table 8.4. SVF calculation for each design iteration. 
 
Site Coverage 20% 30% 40% 50% 60% 
1-mass 0.562 0.533 0.514 0.489 0.468 
2-mass 0.474 0.447 0.434 0.422 0.413 
4-mass 0.389 0.366 0.360 0.348 0.352 
6-mass 0.358 0.346 0.345 0.343 0.327 
           
 
 Since the ܨܣܴ has been fixed at 7 for the whole precinct, every iteration process 
affects the amount of building surface area, particularly during compactness 
configuration. This can be seen from Table 8.5, which indicates that, as the urban 
configuration becomes more compact, the total building surface area becomes 
smaller. In this case, becoming more compact by maintaining the ܨܣܴ means the 
buildings become lower and the footprint becomes larger. Thus, scenarios that 
comprise a singular building mass per block (1-mass type) have much lesser surface 
area than the 6-mass type.  
Table 8.5. Building surface area for each design iteration. 
 
Site Coverage 20% 30% 40% 50% 60% 
1-mass 197,162.90 169,744.20 158,248.80 152,686.20 150,761.90 
2-mass 281,736.10 237,748.00 215,509.10 201,837.40 193,886.40 
4-mass 392,056.10 327,376.00 293,517.20 269,467.20 253,626.70 
6-mass 471,577.00 394,599.50 350,668.30 326,246.80 317,528.50 
      




8.3.4 Thermal load prediction 
 After gathering all the required variables from the parametric design, the next step 
is to calculate the thermal load units (ܧܥܩ௎, ܵܩ௎, ܨܣܫܩ௎, and ܵܥܮ௎), then aggregate 
these output with the building size information (both total floor area and building 
surface area) in order to obtain both annual sensible cooling loads and external heat 
gains. Table 8.6 displays the calculation of the thermal load units using the final 
prediction models. 
Table 8.6. Thermal load units calculation results. 
ENVELOPE CONDUCTION GAIN UNIT (ܧܥܩ௎) 
Site Coverage 20% 30% 40% 50% 60% 
1-mass 0.043567 0.046160 0.046854 0.046251 0.044545
2-mass 0.041118 0.043481 0.044237 0.043992 0.042692
4-mass 0.038448 0.040626 0.041515 0.041203 0.040436
6-mass 0.037378 0.039857 0.040919 0.041001 0.039436
 SOLAR GAIN UNIT (ܵܩ௎)  
Site Coverage 20% 30% 40% 50% 60% 
1-mass 0.100049 0.077771 0.065085 0.056077 0.049573
2-mass 0.091892 0.071228 0.059812 0.052099 0.046572
4-mass 0.083256 0.064460 0.054481 0.047316 0.043000
6-mass 0.079873 0.062676 0.053335 0.046975 0.041446
FRESH AIR INTAKE GAIN UNIT (ܨܣܫܩ௎) 
Site Coverage 20% 30% 40% 50% 60% 
1-mass 0.146153 0.129516 0.119224 0.106407 0.096268
2-mass 0.099107 0.086697 0.081052 0.076030 0.072382
4-mass 0.063143 0.054947 0.052914 0.048976 0.050270
6-mass 0.052246 0.048337 0.048018 0.047386 0.042494
SENSIBLE COOLING LOAD UNIT (ܵܥܮ௎) 
Site Coverage 20% 30% 40% 50% 60% 
1-mass 1.429906 1.283656 1.185248 1.066773 0.968407
2-mass 1.058486 0.940760 0.879109 0.822325 0.776537
4-mass 0.746616 0.660889 0.631906 0.585001 0.585568
6-mass 0.644759 0.598446 0.586148 0.570238 0.514125
      
(Unit: Wh m - 4) 
 
 The predicted thermal load units were mostly dependent on the ܸܵܨ condition, 
particularly for each site coverage group, due to the fixed ܨܣܴ  value. As can be 




the thermal load units become lower. Furthermore, for iteration of building splitting, it 
makes the urban layout becomes less compact; hence the urban canyons become 
narrower which reduces the ܸܵܨ . As a result, the load units decrease as the 
buildings become less compact. Increasing the ܩܵܥ  while maintaining ܨܣܴ  means 
the average building height must be lower, which affects the ܱܴܵ condition. Thus, for 
ܩܵܥ to increase and ܵܶ to decrease, ܱܴܵ becomes lower, reducing both ܵܥܮ௎  and 
ܧܥܩ௎.  
 Afterwards, using both building sizes (Table 8.5) and thermal load units (Table 
8.6), the total thermal load for each precinct design option can be calculated. The 
predicted final calculation can be seen in Table 8.7 below: 
Table 8.7. Predicted total thermal load for each design iteration. 
ANNUAL ENVELOPE CONDUCTIONG GAIN (ܧܥܩ) 
Site Coverage 20% 30% 40% 50% 60% 
1-mass 5,411.63 4,936.25 4,671.24 4,448.96 4,230.87
2-mass 7,298.24 6,512.62 6,006.13 5,593.94 5,214.80
4-mass 9,496.49 8,378.88 7,676.78 6,994.77 6,461.07
6-mass 11,104.88 9,908.42 9,039.87 8,427.10 7,888.99
ANNUAL SOLAR GAIN UNIT (ܵܩ) 
Site Coverage 20% 30% 40% 50% 60% 
1-mass 12,427.33 8,316.74 6,488.77 5,394.20 4,708.42
2-mass 16,310.24 10,668.68 8,120.72 6,624.74 5,688.73
4-mass 20,563.77 13,294.72 10,074.35 8,032.60 6,870.69
6-mass 23,729.86 15,581.20 11,782.82 9,655.12 8,291.06
ANNUAL FRESH AIR INTAKE GAIN UNIT (ܨܣܫܩ) 
Site Coverage 20% 30% 40% 50% 60% 
1-mass 18,154.06 13,850.26 11,886.23 10,235.49 9,143.58
2-mass 17,590.86 12,985.56 11,004.52 9,667.85 8,841.36
4-mass 15,595.92 11,332.68 9,784.63 8,314.42 8,032.36
6-mass 15,521.89 12,016.36 10,608.29 9,739.47 8,500.57
ANNUAL SENSIBLE COOLING LOAD UNIT (ܵܥܮ) 
Site Coverage 20% 30% 40% 50% 60% 
1-mass 177,612.40 137,272.74 118,165.36 102,615.31 91,979.28
2-mass 187,874.70 140,908.16 119,357.29 104,564.81 94,852.81
4-mass 184,410.64 136,306.31 116,849.42 99,312.25 93,564.84
6-mass 191,553.77 148,772.39 129,492.52 117,204.04 102,847.08





 As expected, the building size (particularly surface area) plays a role in 
determining the total thermal load. The result from Table 8.7 indicates that, as the 
urban configuration becomes more compact, the sensible cooling load and external 
heat gain receivable decreases. However, the amount of surface area only tells half 
of the story of calculating the total thermal load. For example, within the 60% site 
coverage group, the design iteration with a 1-mass building has a total surface area 
of 150,761.90 m2, while the 6-mass building type has an area of 317,528.50 m2, 
more than twice the area. However, looking at the total sensible cooling load, the 
latter is only 11% higher than the former. This is where the thermal load units play 
their roles in determining the total load, which is influenced by the urban texture 
variables.  
 Table 8.6 shows that within 60% site coverage group, ܵܥܮ௎	for both 1 and 6-mass 
building types are 0.968407 Wh m-4 and 0.514125 Wh m-4, respectively (about 46% 
difference). This is mainly because, within the 6-mass building type, the urban 
canyons are narrower, due to more buildings being in the area, hence reducing the 
ܸܵܨ . Hence, the solar exposure per surface unit decreases. These two factors, 
building size and thermal load unit, complement each other to calculate the total 
sensible load and external heat gain receivables.  
 In the end, the thermal loads calculation results show that an urban layout with a 
60% site coverage, 17-story high single mass type has the lowest annual envelope 
conduction gain, solar gain, and sensible cooling load. Meanwhile, the lowest annual 
fresh air intake gain comes from the same group, but with a 4-mass type. This is 
mostly because, with a 60% site coverage and 4-mass type, the open spaces and 
urban canyons would have received less solar radiation, due to the narrow canyons 
created by the 4-mass buildings type for each allocated site. Detailed information 







Figure 8.8. Design iterations which have the lowest annual ECG, SG, SCL (top) and FAIG (bottom). 
  
 Looking back at Table 8.7, the results will be filtered out into a group of iterations 
in the low thermal load category (as highlighted in a darker blue color). These filtered 
design scenarios comprise 40-60% site coverage groups with a 1 to 4-mass building 
type (9 design iterations in total, which can be seen in Figure 8.9).  
 These filtered design iterations will undergo further micro-climatic analysis related 
to wind, outdoor temperature, greenery impact, and outdoor thermal comfort. The 
objective is to complement these with the previous thermal load study, in order to 
obtain a more comprehensive urban microclimatic analysis of the studied precinct. 
Each of the additional analyses will be covered in the next few sub chapters to avoid 
a one-dimensional microclimatic analysis, which is currently limited only to a single 






Figure 8.9. Filtered out design iterations comprises cases with low thermal loads. 
8.3.5 Additional analysis components 
8.3.5.1 Wind analysis using Velocity Ratio ( ோܸ) 
 Precinct-scale wind flow is quantified by the area-averaged wind velocity ratio 
( ோܸ), which is defined as: 
  ோܸ ൌ ௣ܸ ஶܸ⁄   (8.5) 
௣ܸ is the wind velocity at pedestrian level (2m above ground) after taking into account 
the effects of buildings, while ஶܸ  is the area-averaged wind velocity magnitude 
extracted at a study level over the wind velocity at the top of the urban boundary 
layer that is not affected by ground roughness and other site features (Lee, 2013; 
Lee et al., 2013; Lee and Wong, 2014). ோܸ  indicates how much of the wind availability 
of a location could be experienced by pedestrians near the ground taking account of 
the surrounding buildings. The ோܸ  model for the pedestrian level within the overall 
precinct or estate-level was regressed from the urban morphological predictors within 




conditions of Singapore. The model can be written as follows (for a pedestrian level 
of 2m high): 
ࢂࡾ 	ൌ 	0.132	 ൅ 	0.178ሺࡻࡾࡵࡱࡺࢀሻ 	െ 	0.006ሺ࡮ࡿሻ	ሺ݉ିଵ	ሻ 	൅ 	0.001ሺࡳࡱࡻሻ	ሺ݉ሻ 	െ
	0.043ሺࡳ࡮࡯ࡾሻ	൅ 	0.693ሺࡼࡱࡾࡹሻ	െ 	0.002ሺࡴࢂሻ	ሺ݉ሻ	൅ 	0.261ሺࡿࢀ࡭ࡳሻ  (8.6) 
R2 = 0.800, F = 375.461, Std. Error = 0.029 
NOTES:
ORIENT  = Orientation 
BS  = Building Shape 
GEO  = Geometry 
GBCR = Gross Building Coverage Ratio 
PERM = Permeability 
HV  = Building Height Variation  
STAG = Staggering of Blocks Arrangement 
  
 This Vୖ model complements thermal load analysis, since it provides another layer 
of the wind information of the studied precinct. Furthermore, its indices have some 
similarities with the urban texture variables used in the thermal load unit models. 
Hence, one can extract both thermal load and Vୖ output when analyzing a certain 
office/commercial precinct. Figure 8.10 illustrates the boundary setup in order to 
calculate the Vୖ based on the 25 ha cropped area. 
 





 Thus, by using the filtered group of case studies (the low thermal load group 
based on Table 8.7), the required indices to calculate Vୖ for each design iteration can 
be seen in Table 8.8. 
Table 8.8. Tabulation of VR independent variables obtained from each design iterations. 
 
 SITE COVERAGE  SITE COVERAGE 
 40% 50% 60%  40% 50% 60% 
ORIENT STAG (North East wind) 
1-mass 1 1 1 1-mass 0.329 0.325 0.319 
2-mass 1 1 1 2-mass 0.311 0.308 0.306 
4-mass 1 1 1 4-mass 0.288 0.294 0.292 
GBCR STAG (North West wind) 
1-mass 0.093 0.093 0.094 1-mass 0.328 0.325 0.319 
2-mass 0.102 0.101 0.101 2-mass 0.310 0.309 0.306 
4-mass 0.115 0.112 0.111 4-mass 0.288 0.294 0.292 
GEO STAG (South West wind) 
1-mass 115 109 102 1-mass 0.329 0.325 0.319 
2-mass 113 102 97 2-mass 0.311 0.308 0.306 
4-mass 108 96 90 4-mass 0.288 0.294 0.292 
HV Permeability (PERM) variable was excluded since 
buildings from every design iterations do not 
have any void. 
 
NE, NW, and SW are the prevailing wind directions 
In Singapore
1-mass 57.327 55.337 54.443 
2-mass 63.497 58.964 57.241 
4-mass 70.454 61.759 59.540 
  
 The values above are the required variables for calculating the ோܸ. Afterwards, the 
ோܸ  values are used to determine the area-average wind speed condition at a 2m 
height of each precinct iteration within the 25 ha boundary area.  
 It has been assumed that the wind speed condition above the urban boundary 
layer ( ஶܸሻ	in or Singapore is at 6.75 m/s. The complete table of both ோܸ and predicted 
wind speed conditions for each design scenario can be seen in Table 8.9. 
 
Table 8.9. Tabulation of VR and wind speed values for each design iteration. 
  SITE COVERAGE   SITE COVERAGE 
  40% 50% 60%   40% 50% 60% 
VR Wind Speed (m/s) 
1-mass 0.328 0.325 0.319 1-mass 1.971 1.952 1.915 
2-mass 0.310 0.308 0.306 2-mass 1.863 1.850 1.837 
4-mass 0.288 0.294 0.292 4-mass 1.728 1.761 1.752 




 From the result, it appears that a more compact buildings arrangement has a 
slightly better wind condition. This is mainly due to the wide street canyons that allow 
the wind to ventilate the corridors. A less compact layout with more buildings creates 
a narrower canyon, which ultimately splits the prevailing wind into several corridors 
that might lower the speed. The wind condition of each design iteration will impact 
the outdoor temperature condition in the following section. 
8.3.5.2 Urban outdoor temperature condition and greenery implementation 
 This section demonstrates the micro-climatic analysis on both outdoor 
temperature and greenery implementation on selected scenarios. The STEVE tool is 
used again to simulate the ambient temperature condition with wind consideration 
(from previous Chapter 8.3.5.1), surface customization, and proposed greenery 
options. 
 In order to predict the maximum outdoor temperature ( ௠ܶ௔௫ ) with wind 
consideration, the STEVE tool model has been adjusted by putting in the wind speed 
variable. It can be written as follows: 
௠ܶ௔௫ ൌ 4,494 ൅ 0.695	ܴ݂݁ ௠ܶ௔௫ ൅ 0.001	ܱܵܮܣܴ௠௔௫ െ 0.39ܹܫܰܦ௠௔௫ ൅ 0.008ܲܣܸܧ െ
0.002ܣܸܩ	ܪܧܫܩܪܶ ൅ 1.078ܸܵܨ ൅ 32.235ܣܮܤ  (8.7) 
Terms Meaning 
Ref Tmax Daily maximum temperature at meteorological station 
SOLARmax Maximum of daily solar radiation
WINDmax Wind speed at the time of occurrence of Ref Tmax 
PAVE Percentage of pavement area over R 50m surface area 
Avg Height Average height of buildings
SVF Sky view factor
ALB Average surface albedo
 
  
 Meanwhile, the average temperature ( ௔ܶ௩௚) model has also been adjusted in order 
to obtain the average temperature for one day only ( ௔ܶ௩௚	ሺௗ௔௬௧௜௠௘ሻ), since this study 
attempts to link the impact of outdoor temperature to the energy consumption of an 
office precinct, which has been assumed to be operating following the standard 




௔ܶ௩௚	ሺௗ௔௬௧௜௠௘ሻ ൌ 7.619 ൅ 0.733	ܴ݂݁ ௔ܶ௩௚	ሺௗ௔௬௧௜௠௘ሻ ൅ 3.61ܧ10 െ 5	ܱܵܮܣܴ௧௢௧௔௟ ൅
0.004ܲܣܸܧ െ 0.013ܪܤܦܩ ൅ 0.669ܸܵܨ  (8.8) 
Terms Meaning 
Ref Tavg-day Daily average temperature at daytime (7am – 6pm) at meteorological station
SOLARtotal Total of daily solar radiation
PAVE Percentage of pavement area over R 50m surface area
SVF Sky view factor
HBDG Average height to building area ratio
 
 
 Both Equation 8.7 and 8.8 are the finalized models from the research project 
output/final deliverables on developing a climatic mapping tool for estate 
environmental evaluation (Wong, 2014).  
 Overall, there are 5 different iterations exploring the proposed surface and 
greenery options, which can be observed both in Figure 8.11 and Figure 8.12. 
 
Figure 8.11. Outdoor temperature surface and wind iterations. 
 
 For boundary condition setup, the greenery factor uses the leaf area index (ܮܣܫ) 
as an indicator of both the type of plant and the green plot ratio (ܩܴ݊ܲ) index (Ong, 
2003). For turfing, the ܮܣܫ is set to 2. For trees, the dense canopy type has been 
chosen with an ܮܣܫ of 4, where each tree has a girth size from 1 to 1.5 meters, with a 
10 meter spacing arrangement. An illustration of these greenery modification can be 
seen in Figure 8.12.  
 In the end, this analysis will look into the impact of this surface modification on the 
precinct maximum and average temperature daytime conditions ሺ ௠ܶ௔௫	 and 
௔ܶ௩௚	ሺௗ௔௬௧௜௠௘ሻ). The manner of the outdoor temperature calculation can be observed 





Figure 8.12. Open space modifications which will be applied on each design iteration to observe its 
impact on ambient temperature. 
 
 
Figure 8.13. Calculating outdoor temperature without trees influence. 
  
 Figure 8.13 illustrates the ambient air temperature calculation method without 
trees considered. The calculation workflow can be listed as follows:  
 ௕ܶ  is obtained from the STEVE tool calculation for both ௠ܶ௔௫	and ௔ܶ௩௚	ሺௗ௔௬௧௜௠௘ሻ, 
which predicts the relevant ambient temperature at 1.5 meters high.  
 ௭ܶ  is obtained by using Equation 3.4, which calculates the temperature at a 
certain altitude of ݖ for each ௠ܶ௔௫	and ௔ܶ௩௚	ሺௗ௔௬௧௜௠௘ሻ.  
 Hence, the final outdoor temperature ( ௢ܶ ) is the average of ௕ܶ  and ௭ܶ . This 





Figure 8.14. Calculating outdoor temperature with trees considered. 
 
 Figure 8.14 displays the method for iteration number 4 and 5 when trees are being 
considered in calculating the ambient temperature. The calculation method can be 
listed as follows: 
• ௕ܶ௧  is extracted from the STEVE tool calculation, which predicts the ambient 
temperature at 1.5 meters high and considers the influence of both trees and 
wind. ௕ܶ௧ is assumed to be the aggregation of the uniform temperature occurring 
within the area under the tree layer (5 stories high). 
• ௢ܶ௔ is the aggregation of ambient temperature above the tree layer, ranging from 
the 5th story to ሺݔ ൅ 5ሻ௧௛ story. These temperature values ( ௭ܶୀହ and ௭ܶୀ௫ାହ) are 
obtained with Equation 3.5 for both heights, and do not consider trees influence. 
In the end, ௢ܶ௔ is the average of ௭ܶୀହ and ௭ܶୀ௫ାହ.  
• The final outdoor temperature ( ௢ܶ) is the aggregate average value of ௢ܶ௔  and ௕ܶ௧, 
in which the influence of the trees planted at the ground level is considered. This 




 The final STEVE calculation result can be seen in Table 8.10, which displays the 
area averaged ambient air temperature for each design iteration and greenery 
modification with the wind speed factor considered. It also shows how much the 
reduction made by altering the open space surface into greenery surface (turf and 
tree plantation) compared to the baseline condition (open space is paved with no 
wind condition). 
 Overall, the table suggests that wind reduces the ambient temperature of a 
precinct during the day, especially when comparing the 1st (baseline) with the 2nd 
column (paved with wind), where various wind conditions for each urban layout 
iteration could bring down the outdoor temperature as many as 0.3o C.  
 However, upon closer inspection, it seems that there is no significant difference 
regarding the wind condition from one design iteration to another. This can be seen 
by looking at baseline and paved columns, which indicate only a small variation of 
outdoor temperature within each group. This finding suggests that, for this set of case 
studies, the various design options do not seem to affect the wind condition.  
 Meanwhile, the combination of both turfing and tree implementation on the open 
space results in more temperature reduction than only using either one of them. This 
can be seen by observing the last column (turfing and trees group), where the 









 This is mainly because the paved surface has a higher thermal mass, which 
means the surface absorbs more heat and intensifies the heating during the day. 
Hence, by transforming the open space into more greenery, the impact of the 
temperature heating can be reduced. 
 Upon closer observation, one can see from the 5th column (turfing and tree 
planting with wind impact) that the design iterations with a compact layout and more 
open space tend to have lower outdoor temperatures, due to the space availability to 
plant trees. For example, design iterations with site coverage of 40% have the most 
open space for tree planting, and, as a result, this group generally has a lower 
ambient temperature. 
Furthermore, Table 8.11 illustrates the impact of the temperature reduction on 
energy consumption, with every 1o C reduction bringing down the 5% overall building 
energy usage (Chen and Wong, 2006; Wong and Chen, 2009a; Wong et al., 2011c). 
The energy consumption values are refers on the sensible cooling load from the 
thermal load calculation (which has been converted into the energy usage) and 
added with standard lighting and equipment energy consumption. 
To calculate the air conditioning consumption from the water side, it is assumed 
that the buildings are using the air conditioning with a minimum Design System 
Efficiency (DSE) of 0.7 kW/RT. This is the minimum prescribed for a new certified 
building in Singapore based on the Green Mark requirement by the Building and 
Construction Authority (BCA, 2013a). For the air side, the calculation of the energy 
consumption of the air conditioning is based on the occupancy of 10 m2/person and 
follows the standard set by BCA (BCA, 2013b). 
Meanwhile, the outdoor temperature reference utilizes the average daytime 
temperature ( ௔ܶ௩௚	ሺௗ௔௬௧௜௠௘ሻ ). The details of the calculations and assumptions on 









 The top left table from Table 8.11 illustrates the changes of temperature due to 
wind and various surface modification. These changes are reflected in the 
percentage reduction of the energy consumption, as shown in the top right table. As 
indicated by the blue color tag, it is clear that the last column indicating both greenery 
and wind aspect has the greatest energy usage reduction, particularly for the least-
site coverage (40%) and the most compact layout (1-mass type), where the reduction 
could reach almost 4%.  
 Furthermore, these percentage reductions have been interpreted into energy 
consumption values, where the baseline condition was calculated using previously 
mentioned assumptions. In order to elaborate upon this energy consumption table, 
further analysis translates the reduction into the electricity tariff (using S$0.27/watt, 
based on the current pricing), which can be seen in the bottom right table.  
 For example, if one observes the 2nd column (open space is paved, with wind 
impact also being considered), the outdoor temperature decrease could reduce the 
energy consumption between S$0.55 – S$0.65 million in electricity tariffs. If using the 
40% site coverage with a 1-mass type as an extreme example, one can see the 
energy consumption reduction with turfing and tree modification could save roughly 
S$1.5 million in electricity for the whole precinct.  
 This example combines thermal load analysis, outdoor temperature, surface 
modification, and wind impact; where the outcome provides information not just on 
the micro-climatic aspect, but also on the impact of each urban layout design on the 
energy performance. The next sub chapter will bring forward the wind and outdoor 
temperature information to analyze the outdoor thermal comfort.  
8.3.5.3 Outdoor thermal comfort analysis 
 The analysis of outdoor thermal comfort utilizes the Thermal Sensation Vote (ܸܶܵ) 
index  (Yang et al., 2013a; Yang et al., 2013b). The ܸܶܵ model is used for predicting 




certain outdoor thermal conditions. The model is a function of four independent 
variables: air temperature ( ௔ܶ), relative humidity (ܴܪ), wind speed (ܸ) and mean 
radiant temperature ( ௠ܶ௥௧). The initial model can be written as: 
  ܸܶܵ ൌ 0.398 ௔ܶ ൅ 0.023ܴܪ െ 0.329ܸ ൅ 0.038 ௠ܶ௥௧ െ 14.061  (8.9) 
R2 = 0.801 
 The TSV calculation output represents an index that can be categorized based on 
different human perceptions of comfort, which can be seen in Table 8.12, where the 
values range from -3 to 3, representing different human perceptions from cold to hot. 
Table 8.12. TSV index categories of outdoor thermal comfort. 
TSV range Perception
-3 ～ -2 cold to cool
-2 ～ -1 cool to slightly cool
-1 ～ 0 slightly cool to neutral
0 ～ 1 neutral to slightly warm
1 ～ 2 slightly warm to warm
2 ～ 3 warm to hot
 
 The model has also been used in a research project with the government agency 
as a part of the climatic mapping and urban heat island study in Singapore (Wong, 
2012). For this purpose, the model was adapted and customized to analyse the 
outdoor thermal comfort within the new CBD master plan. This was because, for the 
planners, obtaining data, such as mean radian temperature, might not be feasible. 
Hence, the adapted model only uses outdoor air temperature ( ௔ܶ) and wind speed 
(ܸ) as the independent variables. The model can be written as: 
  ܸܶܵ ൌ 0.315 ௔ܶ െ 0.078ܸ െ 8.825  (8.10) 
 For the model input, outdoor air temperature (ܶ) uses both ௠ܶ௔௫	and ௔ܶ௩௚	ሺௗ௔௬௧௜௠௘ሻ 
to predict the outdoor thermal comfort for the whole afternoon and peak hour (hottest 
period) condition. These outdoor temperature data were obtained using the STEVE 
tool (see Chapter 8.3.5.2), while wind speed data (ܸ) for various design iterations 




the outdoor temperature analysis in the previous chapter, the outdoor thermal 
comfort study implements the same surface and wind iterations as illustrated in 
Figure 8.11. 
 The ܸܶܵ  result calculation can be observed in Table 8.13, which shows the 
outdoor thermal comfort perception over the course of the afternoon period (using 
௔ܶ௩௚	ሺௗ௔௬௧௜௠௘ሻ	) and at the peak hour (using ௠ܶ௔௫	). The baseline case is the condition 
where there is no wind, and all open spaces are being paved, while the rest of the 
design iterations have been implemented with wind information based on the ோܸ 
calculation from the previous wind study chapter.  
 As expected, both left tables displaying ௔ܶ௩௚	ሺௗ௔௬௧௜௠௘ሻ and ௠ܶ௔௫	suggest that wind 
and greenery help reduce the outdoor temperature, particularly for a compact layout 
with low site coverage. The impact of the temperature decrease can be seen in the 
ܸܶܵ columns, which indicate that the comfort level becomes more desirable as it 
moves lower. This can be seen clearly during the hottest period ( ௠ܶ௔௫	ሻ by comparing 
the first (baseline) and last column (turfing and trees), where the ܸܶܵ values for the 
first group can be categorized as warm (ܸܶܵ between 1 to 2), while the latter is 
considered neutral to slightly warm (ܸܶܵ between 0 to 1).  
 In the end, two important findings can be concluded as follows: 
1. Wind helps improving the thermal comfort, which means the urban geometric 
condition is important for determining the wind condition of a certain area.  
2. Ground level density (site coverage) determines the availability in converting 
a paved open space into greenery, which has been proven to reduce the 












8.4.1 Thermal load study 
 The first part of this chapter has shown the model application of the thermal load 
performances of a commercial business precinct master plan. The whole process of 
thermal load analysis has combined both design process iterations and micro-
climatic impacts of the urban geometry layout. This approach provides a good 
example, whereby designers can be well informed about their design implications on 
their precinct thermal load.  
 Results from the thermal load analysis indicates that, in order to obtain the lowest 
thermal loads, the precinct urban geometry layout and arrangement has to be more 
compact, with less surface area (assuming every design iteration meets the 
maximum floor plan based on the given plot ratio).  
 Less surface area (roof top and wall surface) results in less exposure to the 
outdoor environment and, therefore, less solar radiation. Furthermore, since the 
models are built in Singapore, solar exposure is a major factor, due to the tropical 
temperature of the city, which is fairly constant throughout the year: with hot and 
humid weather most months. Hence, a precinct with fewer buildings tends to have a 
lower thermal load than a precinct with many buildings scattered, since the latter 
configuration has significantly more building wall surfaces.  
 Apart from the number of massing, the shape of the building also plays a role in 
thermal load calculation. Based on the various scenarios provided in Chapter 8.3.5, 
one can observe that, due to site coverage iterations, the building heights had to be 
adjusted in order to meet the maximum permissible floor area. The results in Chapter 
8.3.5 have shown that a tower shape form (site coverage of 20% with a 50-story 
height) has higher thermal loads than a more compact form with 60% site coverage 




canyon and thus a diminished sky view factor, which results in less solar radiation 
receivable by the building surface. 
 Meanwhile, the second part of this chapter has explored additional microclimatic 
analyses, touching on different aspects, such as: wind, outdoor temperature with 
ground surface modification, and outdoor thermal comfort. The findings can be 
summarized in the following sections. 
8.4.2 Ambient temperature, wind, surface modifications, and energy performance 
 
Figure 8.15. Scatter plot displaying district energy performance (kWh/m2/yr) compared against the 






 Figure 8.15 compiles the predicted outdoor average daytime temperature 
(Tୟ୴୥	ሺୢୟ୷୲୧୫ୣሻ) output from various design iterations considering wind and open space 
modifications, referring to Table 8.10. The scatter plot also displays the annual 
buildings energy performance per iteration, based on Table 8.11 data.  
 Regarding the urban texture variation, the ‘baseline’ group shows that density (as 
indicated by the site coverage percentage) determines the district energy 
performance. A lower site coverage precinct (40%) yields higher energy 
consumption, since the iteration group has more open space, hence increasing the 
ܸܵܨ  condition in which there are more urban surfaces (both building and ground 
cover) exposed and heated by solar radiation during the day. Hence, this increases 
the outdoor temperature and receivable external heat gain. 
 Moreover, one can determine that, within the same site coverage group, urban 
compactness (in this case defined by the number of massing) also determines both 
energy performance and ambient temperature. As explained in the previous section, 
compactness affects the envelope area. Hence, less compact buildings with more 
surface area are prone to solar radiation exposure. Compactness plays a role in heat 
energy needs, because it mostly determines losses through the envelope. The 
smaller it is, the more thermically compact the building 
 Further design iteration on wind impact and greenery implementation helps reduce 
the ambient temperature and, consequently, the energy performance. The 
temperature difference between the ‘baseline’ (no wind) and ‘paved’ iteration (wind 
has been considered based on the VR method) shows that a proper urban 
arrangement could help enhance the wind flow in the urban canyon, hence reducing 
the ambient temperature.  
 However, as shown in Table 8.9, the maximum wind speed difference between 
one case and another is 0.2 m/s, which can be considered minimal. This is mainly 




means the overall building density does not differ significantly. Overall, the urban 
texture condition with a compact layout and smaller site coverage enhances the 
urban condition. In order to achieve a decent and desirable wind condition, a precinct 
with overly narrow urban corridors and short canyons is not preferable. This is 
because those conditions will not allow the wind speed to increase through 
channelling effects or increase in the mass flow rate, whichever is applicable. 
 Moreover, the temperature gap between paved and greenery implementation 
further reduces the ambient temperature, where turfing and tree-planting provide the 
optimum result. Regarding the urban texture condition, smaller site coverage is 
favourable, since it yields more open space to be modified into greenery, hence 
reducing the ambient temperature. In the end, every decrease of ambient 
temperature as the result of wind and greenery consideration also reduces the 
overall district energy performance.  
  All these factors are summarized in Figure 8.15, which provides quick guidelines 
for planners to see the impact of the urban layout design, wind, and greenery on both 
ambient temperature and district energy performance. Consequently, planners can 
perform a benchmarking process by looking at various designs at the same time. 
8.4.3 Outdoor Thermal Comfort 
 As in previous discussion, Figure 8.16 compares the outdoor thermal comfort 
analysis (which uses ܸܶܵ index) with the annual energy performance of each design 
iteration. Since the ܸܶܵ index combines ( ௔ܶ௩௚	ሺௗ௔௬௧௜௠௘ሻ) and wind speed information, 
the trend displayed in the scatter plot resembles the ambient temperature—energy 
performance scatter plot. Site coverage and compactness variation are important for 
determining the energy performance, but they do not significantly enhance the 
outdoor thermal comfort. Only after wind and greenery have been considered does 




 The surface modification analysis indicates that a precinct layout with more open 
space availability has more areas to be converted into greenery, in the form of turf, 
shrubs, trees, or combinations of the aforementioned. The presence of greenery has 
been proven to reduce outdoor temperatures, which reduces the overall energy 
consumption (Chapter 8.3.5.2) and creates a more desirable outdoor thermal comfort 
(Chapter 8.3.5.3). This means that a more open urban configuration creates more 
space for greenery implementation at the ground level, but this openness will bring 
more solar radiation into the building surface, hence increasing the thermal loads.  
 
Figure 8.16. Scatter plot displaying district energy performance (kWh/m2/yr) compared against the 







Figure 8.17. Overall compilation of energy performance, ambient temperature, and outdoor thermal 





 Figure 8.17 combines the analyses from Figure 8.15 and Figure 8.16, where the 
benchmarking process can consider all microclimatic aspects by using a single 
diagram. Overall, this figure indicates that enhancing both urban ventilation and 
greenery gradually reduces ambient temperature, outdoor thermal comfort, and 
energy performance as well.  
 Looking at the baseline condition, urban texture difference determines greatly the 
energy performance, due to the building’s surface area and ܸܵܨ condition. However, 
the variation of the urban layout and geometric condition is not reflected in either the 
ambient temperature or the ܸܶܵ  index. It is only after both wind and greenery 
implementation are considered that one can see the continuing improvement and 
notable variation between different design iterations (see example A-A’). 
 The issue here is how the planners can select ‘the best’ design iteration, 
considering microclimatic impact and energy performance. Based on the diagram 
alone, the scenario with 60% site coverage and 1-mass type, with turfing and trees 
implementation, has the lowest energy performance. Meanwhile, the scenario with 
40% site coverage and 1-mass type, with turfing and tree implementation, has the 
lowest ambient temperature and ܸܶܵ  index. However, in addition to depicting the 
extremes, the diagram also provides other options, as shown in the following 
examples. 
 By observing B-B’ cases, one can see that the energy performance does not differ 
significantly between these two scenarios, but the Tୟ୴୥	ሺୢୟ୷୲୧୫ୣሻ difference is almost 
0.5o C. This means that the planner can consider a more open space (40% site 
coverage) comprising an urban layout with taller buildings and lush greenery, rather 
than the 50% site coverage option, with paved ground space.  
 The same illustration can also be derived by looking at example C-C’, where a 




categories (energy, temperature, and thermal comfort) than the 60% site coverage, 
1-mass type, with a paved open space option.  
 Both B’ and C’ examples illustrate that having more open space can benefit the 
microclimate condition. Moreover, wider canyons and more outdoor space can 
introduce better urban ventilation, more daylight to the buildings, and more active 
pedestrian social activity, due to the presence of a larger outdoor area. Also, it is 
important to note that the most compact form (1-mass type) might not mesh with the 
overall design concept, which suggests a master plan comprising multiple building 
blocks with certain layouts. Hence, Figure 8.17 may serve as a quick benchmark tool 
that can help the planners to observe whether their conceptual designs enhance the 
microclimate condition  
In spite of a small percentage of energy saving due to urban surface modifications 
by greenery (turf surface and tree planting), one should consider that this saving is 
derived only from one block of development area. The study has shown that the 
possibility of energy saving can be compounded when an observation is made at the 
macro level all of the buildings having an energy saving potential of 5%, due to a 
proper master plan design. Hence, when aspects other than urban form and density 
are addressed as well, one can expect greater energy saving potential. 
 This example shows how the microclimate analyses can be performed at the early 
stages of the planning process, when planners/designers could be well informed of 
the environmental impact of their design. Consequently, this study tries to balance 
the design objectives by minimizing the external heat gains and reducing the heat 





CHAPTER 9 CONCLUSION 
 The studies detailed in this thesis attempt to answer the research question 
formulated in Chapter 1: “How does urban texture, which is characterized by its form 
and density, affect energy performances especially cooling load its heat gain 
components in tropical climate in district/precinct level?” Initially, it was hypothesized 
that urban texture with form and density variations within a district level will generate 
different energy performances. This is because certain building configurations and 
layouts have an impact on envelope thermal performance with regards to heat gains 
receivable, particularly in tropical climates. 
 Literature reviews, parametric study, and simulation have been done to prove the 
hypothesis, by using non-domestic precinct typology as a reference case study. 
Thus, it can be concluded that the urban geometry layout, shape, and arrangement 
of a commercial or office district have a significant impact on the precinct energy 
performance, due to the external heat gains receivable.  
 This conclusion covers the findings and recaps the thermal load calculation 
method, along with the empirical models and the application on a case study 
combined with other microclimate analyses, based on Chapter 8. The last sub 
chapter lists the research contributions, limitations, and future works. 
9.1 Important findings for each research objective 
 The final research methodology that supports the hypothesis can be observed in 
Figure 9.1, which displays the research objectives at different phases. The important 














9.1.1 First objective 
 The first objective is to develop an assessment method for observing energy 
performance at the district/precinct level by considering both urban physical forms 
and micro-climatic conditions. The initial step entails identifying the factors related to 
urban geometry and the forms that impact energy performance. The literature review 
provided insightful information regarding the building forms and how they can be 
characterized by using several known indices. Indices such as floor area ratio (ܨܣܴ), 
site coverage, open space ratio (ܱܴܵ), and building height have been widely used by 
urban planners and architects to identify form and density either for a building or 
certain area. On the other hand, indicators such as the sky view factor (ܸܵܨ) have 
been widely known and studied by the researchers from climatology field due to their 
significant role in determining the heat island impact, particularly in a tropical climate.  
 The preliminary studies (see Chapter 4) have been conducted to see how the 
urban geometry impacts the surrounding environmental condition (with a focus on 
ambient temperature), thus creating a distinguished local microclimate condition that 
differs from one precinct to the next. Hence, the STEVE tool has been utilized to 
predict the local ambient temperature conditions at a certain point within an urban 
area, due to surrounding building geometry. The STEVE tool has been validated 
through field measurement and has been compared to ENVIMET, which also can 
produce a similar ambient temperature prediction with an urban geometry 
consideration. The STEVE tool provides local ambient temperature predictions at 
pedestrian levels with a high degree of accuracy and only requires minimum 
calculation times. Another advantage is that the tool can be used within a GIS 
platform or in conjunction with SketchUp, another widely known 3D modelling 
software program. 
 Afterwards, the parametric approach was used to create hundreds urban layouts 
within 9 ha of the hypothetical office block plan area. An annual temperature profile 




stratification consideration at a higher level. It has been found that the local average 
temperature ( ௔ܶ௩௚ ) from these scenarios could differ 1o–2oC from the recorded 
temperature at the MET station. Furthermore, the difference could reach 1.2o– 3.5oC 
over the peak afternoon period (T୫ୟ୶). 
 This temperature difference impacts the building energy simulation due to the 
amount of external heat gain received. The temperature difference can be translated 
into an approximately 8% difference in cooling load, 20% in external conduction gain, 
and 17% in fresh air intake gain. These numbers can be deemed substantial if one 
would like to conduct an energy simulation of a building or a precinct. 
 Afterwards, the energy simulation was conducted for each scenario to obtain the 
outputs comprising the sensible cooling load (ܵܥܮ) and external heat gains for all the 
buildings within the hypothetical precinct. Meanwhile, the external heat gains 
comprise three components: envelope conduction gain (ܧܥܩ), solar gain (ܵܩ), and 
fresh air intake gain (ܨܣܫܩ). The workflow on assessing the office precinct energy 
performance, due to its geometrical condition, is summarized in Figure 9.2 below. 
 





9.1.2 Second objective 
 The second objective is to develop a prediction model that characterizes 
district/precinct energy performance due to its physical parameters and micro-
climatic conditions. As displayed in Figure 9.2, a set of empirical models have been 
generated in order to calculate the thermal load units. They consist of ܵܥܮ௎, ܧܥܩ௎, 
ܵܩ௎, and ܨܣܫܩ௎. This approach is similar to the calculation of ܧܸܶܶ/ܴܸܶܶ, an index 
that describes the thermal performance of building envelope in Singapore. 
 The models were generated as a result of statistical analysis using a non-linear 
model to explain the behaviour of urban geometry indices on thermal loads. The non-
linear equation takes the constant elasticity model form (ܻ ൌ ܽ ଵܺఉభܺଶఉమ …ܺ௡ఉ೙ߝ). A 
log transformation was performed before conducting a multiple linear regression in 
order to obtain the ߚ value for each urban geometry variable.  
 The empirical log models for each thermal load unit can be written as follows: 
ࡸ࢕ࢍࡿ࡯ࡸࢁ ൌ ૙. ૠ૞૚ ൅ ૚. ૠ૟૟૛ሺࡸ࢕ࢍࡿࢂࡲሻ ൅ ૙. ૚૟ૡૢሺࡸ࢕ࢍࡻࡿࡾሻ	 
 ܴଶ ൌ 0.948, ܵݐ݀. ܧݎݎ݋ݎ ൌ 	0.0739, ܨሺ2, 459ሻ ൌ 4126.604	݌ ൏ 0.01 
ࡸ࢕ࢍࡱ࡯ࡳࢁ ൌ െ૙. ૚૞૙૚ ൅ ૙. ૜૜ૢૡሺࡸ࢕ࢍࡿࢂࡲሻ ൅ ૙. ૟૝ૢ૚ሺࡸ࢕ࢍࡻࡿࡾሻ െ ૙. ૜૚૝ૢሺࡸ࢕ࢍࡿࢀሻ	 
 ܴଶ ൌ 0.997, ܵݐ݀. ܧݎݎ݋ݎ ൌ 	0.0242, ܨሺ3, 458ሻ ൌ 47050.408	݌ ൏ 0.05 
ࡸ࢕ࢍࡿࡳࢁ ൌ െ૙. ૠ૛૚૚ ൅ ૙. ૝ૢૢ૝ሺࡸ࢕ࢍࡿࢂࡲሻ െ ૙. ૟૝૚ૠሺࡸ࢕ࢍࡲ࡭ࡾሻ െ ૙. ૞૞૟ሺࡸ࢕ࢍࡳࡿ࡯ሻ	 
 ܴଶ ൌ 0.976, ܵݐ݀. ܧݎݎ݋ݎ ൌ 	0.0609, ܨሺ3, 458ሻ ൌ 6202.2	݌ ൏ 0.05 
ࡸ࢕ࢍࡲ࡭ࡵࡳࢁ ൌ െ૙. ૛૟૝૜ ൅ ૛. ૛ૡ૚૚ሺࡸ࢕ࢍࡿࢂࡲሻ 
 ܴଶ ൌ 0.920, ܵݐ݀. ܧݎݎ݋ݎ ൌ 	0.0936, ܨሺ1, 460ሻ ൌ 5299.44	݌ ൏ 0.05 
 
 While the final model form can be written as follows: 
ࡿ࡯ࡸࢁሺ܅ܐ	ܕି૝ሻ ൌ ૞. ૟૜ૠሺ܅ܐ	ܕି૝ሻሺࡿࢂࡲሻ૚.ૠ૟૟૛ሺࡻࡿࡾሻ૙.૚૟ૡૢ 
ࡱ࡯ࡳࢁሺ܅ܐ	ܕି૝ሻ ൌ ૙. ૠ૙ૠૡሺ܅ܐ	ܕି૝ሻሺࡿࢂࡲሻ૙.૜૜ૢૡሺࡻࡿࡾሻ૙.૟૝ૢ૚ሺࡿࢀሻି૙.૜૚૝ૢ 
ࡿࡳࢁሺ܅ܐ	ܕି૝ሻ ൌ ૙. ૚ૢሺ܅ܐ	ܕି૝ሻሺࡿࢂࡲሻ૙.૝ૢૢ૝ሺࡲ࡭ࡾሻି૙.૟૝૚ૠሺࡳࡿ࡯ሻି૙.૞૞૟ 




 These models have been tested for their strength and accuracy, to explain the 
behaviour of the urban texture variables sufficiently in terms of how they affect the 
thermal load (sensible cooling load, envelope conduction, solar and fresh air intake 
gain) behaviour within the precinct. This helps to verify the research hypothesis. 
Hence, preliminary urban planning according to the regulations can be proposed, 
leading to modifications to the base design for improvement regarding the sensible 
cooling load and external heat gains received. 
9.1.3 Third objective 
 The third objective is to develop a matrix of urban texture derived from the 
geometry variables in order to determine the energy performance. This matrix was 
generated as a result of the sensitivity analysis in order to test out thermal load unit 
values. The analysis concurs with the findings from the literature reviews, which 
show that ܸܵܨ  is an important urban morphological predictor on determining the 
thermal load unit. This can be seen by its presence in each thermal load unit model. 
Other urban morphological variables, such as ܱܴܵ , ܵܶ , ܨܣܴ , and ܩܵܥ , provide 
information related to urban density. This complements SVF on characterizes the 
urban layouts.  
 There are 3 tables that can be used as a reference for determining the thermal 
load units when observing a master plan or precinct design. These matrixes can be 
seen in Table 7.2, Table 7.3, and Appendices 10 and 11 for the envelope conduction 
gain unit (ܧܥܩ௎) and solar gain unit (ܵܩ௎), while the sensible cooling load unit (ܵܥܮ௎) 
matrix can be observed in Table 7.4. For the fresh air intake gain unit (ܨܣܫܩ௎), since 
it is only determined by the ܸܵܨ  variable, the relationship between these two is 
reflected in Figure 7.15. 
 From the planners’ point of view, these matrixes facilitate the evaluation of the 
energy performance of an office district by observing the geometric condition. After 




load and external heat gains can be calculated by using the matrixes to look for the 
unit values for different thermal loads. Then one can observe the thermal load 
condition under different densities and forms.   
9.2 Research contribution 
This study has provided several important contributions: 
1. The importance of generating a local temperature profile, particularly before 
conducting a building energy simulation. The study has shown a significant 
difference between using the local condition and using data gleaned from the 
weather station. The latter method has been the norm for simulating 
performance in most energy software. 
2. The assessment method described in the first objective could benefit both the 
planner and researcher in providing environmental impact information 
relevant to a master plan or precinct design. It does not provide an exact 
overview of energy consumption figures at the district level, but rather 
comparative figures that will be useful for benchmarking different design 
options at the same time. 
3. The study also highlights the application of the models combined with other 
microclimatic analyses, which have been shown in Chapter 8. This illustrates 
the advantage of implementing several analyses on a planned precinct on 
supporting the design and engineering process loop (see Figure 9.3). This 
illustrates where microclimatic analysis illuminates one perspective (e.g 





Figure 9.3. Design and engineering process loop. 
9.3 Research limitation 
 Calculation is using reference Singapore weather data from the past 10 
years. Hence, the model is unable to perform a data projection to predict 
future conditions. 
 Since the models are considering urban geometry’s influence, other aspects, 
such as building materials and window-to-wall ratios, were kept fixed. Hence, 
the variation of these aspects has not been analyzed thoroughly. 
 Thermal load calculation only applies to non-domestic building types with 
standard occupancy/working hour schedules. In order to calculate the thermal 
loads for housing/domestic buildings, an adjusted parametric study is required 
to generate new models. 
9.4 Suggestions for future work and research 
 Currently, the model only looks into the geometry aspect to determine the 
thermal loads. Future work should focus on enhancing the models in order to 
consider input data on building materials, dynamic reference weather data, 




 The last chapter provides some insight into how several studies can be 
combined to create a more comprehensive urban micro-climate analysis from 
a different aspect. Hence, future research should focus on integrating these 
different analysis components within a simulation platform.  
 For easier application, the model should be implemented within a platform 
that can be used not just by researchers, but also by planners. A Geographic 
Information System (GIS) is a good option. Some applications providing 
options for the parametric approach (Rhino and Houdini) also present 
promising alternatives, especially in terms of the 3D modeling input of an 
urban area.  
9.5 Design for the future – density and open space? 
To conclude the study, this sub chapter brings out the question for further 
discussion: how to mitigate the over-crowded cities which are getting higher and 
denser? In the previous chapter, the initial idea was to balance between increasing 
the density and providing comfortable public spaces. Which of these two phenomena 
prevails in the global budget of buildings? This question most likely will not have an 
absolute answer. 
 However, this study has found that the main focus might not be on balancing 
between high density and pedestrian space, but more on tackling the right issue with 
the right solution under certain context (in tropical urban area). More generally, the 
relative importance of the two phenomena (receiving beneficial shadings through 
compact and tight canyon design or creating more open spaces) will be climate-
dependent and it can only be assessed through a comprehensive analysis, which 
takes into account all the heat exchanges between building and environment as well 
as the energy consumptions in buildings. 
 Findings have indicated that during day time, especially in the tropics, the amount 




deteriorates the thermal comfort of pedestrians in the outdoor environment. 
Furthermore, the heat gain received by the buildings envelope increases the cooling 
load to maintain a comfortable indoor temperature.  
 Though harnessing daylight has been deemed as compulsory for almost every 
design brief, the fact remains that most office workers who sit at the perimeter roll 
down the blind need to overcome the heat (and glare to some extend). Moreover, 
pedestrians always look for walking path with canopies to avoid the solar exposure. 
 These occurrences bring back to current study which has found that shading, for 
both buildings and people, are important during day time. Overshadowing from 
buildings acts as obstruction for solar radiation and improves the comfortable level of 
pedestrians. Contrary from the common knowledge on sky view factor, tight canyons 
between buildings reduce the amount of solar radiation received, hence bring down 
the building energy consumption for cooling due to lower down heat gain and 
ambient temperature.  
 However, one must also consider these findings with great caution. Although 
during day time the ‘cool canyon’ helps reducing the solar radiation and outdoor 
temperature, narrow urban canyons can block the heat to be released at night, which 
implicates the heat island. Locally as warm air rises over an urban area, it draws in 
heat and pollution from the surrounding area and creates an area of localised low 
pressure. 
 This concern highlights that different areas have different urban characteristics 
and require specific solutions. Hence, previous chapter has illustrated how 
benchmarking can provide various ideas to be tested with comprehensive 





Figure 9.4. Outdoor activities in urban centres. 
 
 
Figure 9.5. Some examples of radical architectural design which elevate the density upwards, creating 
enough space below for public activities. (Source: 1. Viktor Ramos, Richie Gelles, 2. Aprilli Design 
studio, 3. and 4. Office of Metropolitan Architecture). 




 Laying a foundation for future research, one can suggest perhaps the solution for 
to address the urbanization and crowded tropical urban areas is to combine both high 
density and open spaces at the ground level (see Figure 9.4). Some radical design 
proposals have suggested this idea, by levitating the density upwards, while leaving 
up more ground spaces open for pedestrian mobility and public activities (see Figure 
9.5). 
 This example, particularly for commercial/non-domestic areas, provides solution to 
mitigate overheating from the solar radiation f due to narrow canyon at higher level, 
and consequently the overhangs provide ground spaces and cover for the 
pedestrians. 
 Nevertheless, this solution might be controversial and it can be deemed suitable 
especially for tropical areas due to intense solar radiation throughout the year. 
However, one must take into consideration the night time condition, when the heat 
released by the ground and building surfaces might be trapped under this cavity, 
leading to heat accumulation especially in the high dense residential areas. 
 Clearly, there is no single solution (such as universally “optimum geometry”). 
Nonetheless, the optimum design of building geometry and orientation can be 
explored– if one wants to design energy-efficient cities, urban spaces, workplaces 
and dwellings that have an intimate connection to the natural environment. In the 
end, to answer what is optimal, or what is suitable, we have to address not just 
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CHAPTER 12 APPENDICES 
12.1 Influence of urban density on air temperature within Singapore 
central business district. 
 This study uses a real urban area in Singapore business district, where two 
distinctive neighborhoods are subjected into microclimate analysis, by using STEVE 
tool to compare the localized ambient temperature condition.  
12.1.1 Background and Objectives. 
Air temperature in the built environment is mainly influenced by urban morphology 
factors (buildings, greenery, hard surfaces, etc.). By understanding their relationships 
with air temperature, building and greenery density variables can be used as 
ameliorative strategies for mitigating climate change impact at estate level. 
There are several objectives in conducting this study. Firstly, to develop a climatic 
mapping desktop study of selected areas by using GIS to collect the urban 
morphology indices. This study also demonstrates the STEVE tool utilization on 
producing temperature maps in raster image format within GIS. Furthermore, this 
study compares different estates regarding their temperature distribution due to the 
urban morphology and  land use variations (Wong, 2012). 
12.1.2 Case Studies 
The CBD area at Tanjong Pagar and Robinson Road were chosen as case 
studies, due to their urban geometry distinction and variety. Although both are 
located at the same neighbourhood, these two provide different characteristics in 
term of building forms. Tanjong Pagar area comprises mainly two- and three-story 
shop houses, which are listed as URA conservation area. This area comprises 
irregular street pattern, similar to semi-grid layout, with buildings adjacent to one 




The other part of the neighborhood (along Robinson Road and Shenton Way), is a 
prime commercial road, mostly known for its skyscrapers at both sides of the road. It 
is one of Singapore’s most densely built environments with tall buildings and wide 
regular grid street layout. This area is suitable for a case study due to its high-rise 
buildings with uniformity in height. 
12.1.3 Methodology 
As summarized in the Figure 12.1, master plan data obtained from related 
government agencies were compiled with GIS. Afterwards, the data were developed 
and prepared as input variables for STEVE tool. 
 
Figure 12.1. Methodology diagram. 
 
 As boundary condition, reference variables (ܴ݂݁ ௠ܶ௜௡, ܴ݂݁ ௔ܶ௩௚ and ܴ݂݁ ௠ܶ௔௫) use 
the minimum, average, and maximum temperature from Changi MET station 
(1°20'57.0"N 103°58'15.4"E) historical data on annual basis. This means that the 
temperature map generated reflects the ambient temperature based on yearly 





Figure 12.2 to 12.4 show the ௠ܶ௔௫, ௔ܶ௩௚, and ௠ܶ௜௡ maps and their profiles for both 
studied areas. The air temperature profiles were generated across A-A section and 
compared against some of the possible factors affecting air temperature distribution 
in the CBD area. Commonly, variations in the CBD area are mostly due to different 
building distribution and the urban canyon width. 
12.1.4.1 Temperature maximum ( ௠ܶ௔௫) analysis 
Figure 12.2 shows that the cooler areas (denoted with blue color) are generally 
located around buildings with small canyon widths, whereas the red and yellow 
(warmer) areas mostly occur around open area, which is usually covered with grass 
or pavements. Hence, areas with dense building layout tend to record a lower 
maximum temperature than the open areas. This finding is in line with the general 
theory where ௠ܶ௔௫ usually occurs in the afternoon due to incoming solar radiation, 
due to Singapore’s tropical climate. Buildings in the CBD are mostly high-rise in order 
to maximize Gross Floor Area (ܩܨܣ) allowance; thus, this kind of dense building 
configurations with small canyon width provides more shading from the incoming 
solar radiation, therefore reducing ௠ܶ௔௫.  
 The bottom chart at Figure 12.2 also illustrates how temperature varies with ܸܵܨ 
and ܩܴ݊ܲ across section A-A. By using ܸܵܨ as measurement of sky openness, the 
figure shows that well shaded area would have a low ܸܵܨ  and vice versa. 
Meanwhile, green plot ratio or ܩܴ݊ܲ is the measurement of greenery density of a 
certain area. Hence, by conducting comparison of the temperature map with the 
graph of temperature profile/ܸܵܨ, one can observe that points 193 and 404 (which 
have lower building density) have a significantly higher ܸܵܨ and hence higher ௠ܶ௔௫ 





Figure 12.2. Maximum temperature map and profiles of maximum temperature against Sky View Factor 
and Green Plot Ratio. 
 
 
Figure 12.3. Average temperature map and profiles of average temperature against Sky View Factor 









Figure 12.4. Minimum temperature map and profiles of minimum temperature against Sky View Factor 
and Wall Surface Area. 
 
Since the canyon width at point 381 is narrower than that at point 252, this results 
in lower ܸܵܨ and lower ௠ܶ௔௫ . Another important finding of the temperature map is 
that although point 274 is located at a relatively open area, the temperature is 
significantly low, which contradicts previous observation. However, this discrepancy 
can be explained by looking at the greenery aspect. From the graph of temperature 
profile/ܩܴ݊ܲ, it can be seen that actually point 274 has significantly denser greenery 
compared to the other points.  
12.1.4.2 Temperature average ( ௔ܶ௩௚) analysis 
Figure 12.3 shows the similar temperature characteristics, particularly for ௔ܶ௩௚   
map and its temperature profile when comparing them against ܸܵܨ and wall surface 
area across section A-A. Similar with previous findings from Error! Reference 
source not found., it can be seen that as the points move towards denser areas, 






Across the profile, the lowest ௔ܶ௩௚ can also be found around point 274 despite its low 
building density, mostly because due to the presence of significantly denser 
greenery. However, a discrepancy can be observed at points 381 and 252, in which 
they have higher than expected ௔ܶ௩௚ despite their low ܸܵܨ. In particular, point 252 
has a higher ௔ܶ௩௚ as compared to point 404, although the former has a lower ܸܵܨ. 
The explanation is, unlike ௠ܶ௔௫ , ௔ܶ௩௚  depends on fluctuations in temperature 
throughout the day. Hence, although in cases where lower ܸܵܨ  may reduce 
temperatures in the day due to solar shading, a low ܸܵܨ may result in higher night 
time temperature ( ௠ܶ௜௡ሻ. This is mostly due to a more restricted view of the sky in 
densely urban areas, which reduces radiant heat loss due to emitted long-wave 
radiation to the sky (Oke, 1981). Furthermore, points 381 and 252 have considerably 
greater wall areas, results in higher stored energy, thus increasing temperatures 
(Santamouris et al., 2001b).  
12.1.4.3 Temperature minimum ( ௠ܶ௜௡) analysis 
௠ܶ௜௡ map (Figure 12.4) reveals that cool areas are generally found around open 
urban areas, whereas the warmer ones are located around densely built urban areas, 
which are characterized by small canyon widths. This is mainly because radiant heat 
loss from the ground to the sky via emitted long-wave radiation depends on the 
openness to the sky during night time, where normally minimum temperature occurs. 
Furthermore, the temperature profile/ܸܵܨ graph shows that as ܸܵܨ decreases, ௠ܶ௜௡ 
increases. Again, this is due to a more restricted view to the sky which reduces 
radiant heat loss to the sky. This impact is further worsened by the presence of larger 
wall areas in dense urban areas (points 381 and 252). 
12.1.1 Relationship between urban morphology and air temperature 
From plotted graph shown in Figure 12.5 to Figure 12.7, it is found that there is a 
significant relationship between SVF and ௠ܶ௔௫	in an urban area. This is expected, 




canyon with low ܸܵܨ  benefits from urban shading effect, hence lowering the 
temperature and vice versa.  
Another closer observation also reveals that there is a relationship between wall 
area and ambient temperature generated at urban canyon, as seen in Figure 12.6. 
Larger wall surface area increases ௔ܶ௩௚ as there are more surface area that absorb 
heat during the day, hence more heat is released to the environment at night.  
Greenery also plays an important role in reducing the air temperature condition, 
particularly for ௠ܶ௜௡. Green plot ratio (ܩܴ݊ܲ) is a three dimensional measurement of 
green volume by dividing sum of total leaf area by the site area. The higher the ܩܴ݊ܲ 
value, i.e. denser greenery condition, the better the temperature condition as shown 












Figure 12.6. Scatter plot of Robinson Road and Shenton Way area predicted temperatures correlated 




Figure 12.7. Scatter plot of CBD (Tanjong Pagar, Robinson Road, and Shenton Way) area predicted 
temperatures correlated with different parameters. 
 
12.1.2 Summary 
 Based on observations and analysis of the three temperature maps (Figure 12.2 





 ܸܵܨ reduction has the effect of decreasing T୫ୟ୶ since ܸܵܨ reduction means the 
building envelope receives lesser solar radiation during the day  
 However, low ܸܵܨ  condition also results in higher ௠ܶ௜௡  due to reduced radiant 
heat loss to the sky. Such is the characteristic of a densely built urban area.  
 City centers, which are commonly dense built up areas, usually have large wall 
surface areas, providing more heat absorption and this can lead to higher stored 
energy, which in the end increases temperatures in urban centers.  
 Greenery, in the form of green spaces such as parks and clusters of trees 
contribute significantly to cool down the cities. They do not only provide shading 
from solar radiation in the day, but also reduce air temperature through the 
evapotranspiration process, thus cooling the area throughout the day.  
12.1.3 Importance for the overall research study 
This preliminary study contributes two important notes: 
 Urban texture has impact on urban outdoor temperature profile. Thus, combined 
with STEVE tool, this study shows that the methodology is suitable in generating 
the local temperature profile based on the local urban characteristics. 
Furthermore, this local temperature profile can be implemented within the weather 
data for IES-VE simulation. 
 Two main indicators of ܸܵܨ  and surface wall area play important roles in 
determining the outdoor temperature and UHI impact. Hence, both can be 





12.2 Parametric study on urban planning model for high density city. 
12.2.1 Background and objective 
This preliminary study has the objective of proposing several building layout 
options on the selected sites, replacing the existing ones. Hence, the impact of 
different building configurations on the microclimatic condition can be observed. 
12.2.2 Methodology 
This study compares the existing urban morphology condition with proposed 
possible scenarios based on Singapore's current urban planning policy for its 
commercial district (Wong et al., 2011b). Models of 6 types of massing configuration 
consisting of 1 mass, 2 masses, 3 masses, 5 masses, 10 masses, and 16 masses 
are developed and observed at 7 sites within Shenton Way/Robinson Road. 
Presently, the sites (namely sites A, B, C, D, E, F, and G) are densely built and have 
an allowable plot ratio more than 11.2 (Figure 12.8). The building footprint 
determines the urban corridor width and the horizontal urban density, while the 
building height contributes to SVF. Table 12.1 and Figure 12.9 show the six types of 
massing configuration used in this study. 
 

















1 2 3 5 10 16 
HEIGHT (STOREYS) 
80 80 80 36 24 24 
FOOTPRINT FOR 1 MASSING (m2) 
BLOCK A 15600 11.2 174720 2184.00 1092.00 728.00 970.67 728.00 455.00 
BLOCK B 9180 11.2 102816 1285.20 642.60 428.40 571.20 428.40 267.75 
BLOCK C 8190 11.2 91728 1146.60 573.30 382.20 509.60 382.20 238.88 
BLOCK D 8775 11.2 98280 1228.50 614.25 409.50 546.00 409.50 255.94 
BLOCK E 12920 11.2 144704 1808.80 904.40 602.93 803.91 602.93 376.83 
BLOCK F 5550 11.2 62160 777.00 388.50 259.00 345.33 259.00 161.88 
BLOCK G 5550 11.2 62160 777.00 388.50 259.00 345.33 259.00 161.88 
 
-  
Figure 12.9. Types of different building configuration located on 7 blocks in Singapore's commercial 
district. 
 
This study mainly focuses on the effect of urban structures on urban air 
temperature. Therefore, the greenery variable has not been included in the predicted 
temperature calculations. The open areas in between buildings blocks are assumed 





Temperature maps of predicted	 ௠ܶ௔௫, ௔ܶ௩௚, and ௠ܶ௜௡ for all scenarios show that air 
temperature distribution is caused by the variation of building configurations and 
density. 
12.2.3.1 Temperature Maximum ( ௠ܶ௔௫) Map 
 This map indicates higher temperatures for areas in types 1, 2, and 3, compared 
to types 4, 5, and 6 (see Figure 12.10). Building configurations in types 1, 2, and 3 
allow more open spaces. Hence, they receive more direct solar radiation during day 
time, thus increasing air temperature within the urban canopy layer. Building height 
also contributes to reducing	T୫ୟ୶, due to overshadowing that falls onto portions of the 
pavement, road, or other buildings. This is shown in some areas indicating a lower 
temperature in types 1, 2, and 3. However, particular areas in type 1 still show higher 
temperatures, especially in wider street canyon areas. This confirms Oke’s study on 
the correlation between the ratio of building height and the urban corridor width with 
urban air temperature (Oke, 1987). 
Building configuration type 4, 5 and 6 has lower ambient air temperature, due to 
the effect of shading that falls onto the pavement. It was also found that these types 










Scenario 1 - 1 mass 
 
Scenario 2 - 2 masses 
 
Scenario 3 - 3 masses 
 
Scenario 4 - 5 masses 
 
Scenario 5 - 10 masses 
 
Scenario 6 - 16 masses 
Figure 12.10. Tmax temperature map on existing site condition compared with 6 scenarios of urban 
configuration and density 
 
12.2.3.2 Temperature Average ( ௔ܶ௩௚) Map 
Similar types of building configurations have been modeled to calculate predicted 
௔ܶ௩௚ . Figure 12.11 shows that types 1, 2, and 3 indicate lower air temperature 
compared to existing condition and the other 3 types. It seems that the reduction of 
building height has impacts on increasing Tୟ୴୥  as shown in types 4, 5, and 6. 
However, among the latter 3 building configurations, type 4 records the lowest air 









Scenario 1 - 1 mass 
 
Scenario 2 - 2 masses 
 
Scenario 3 - 3 masses 
 
Scenario 4 - 5 masses 
 
Scenario 5 - 10 masses 
 
Scenario 6 - 16 masses 
Figure 12.11. Tavg temperature map on existing site condition compared with 6 scenarios of urban 
configuration and density. 
 
Temperature map ௔ܶ௩௚ also confirms the correlation between building height and 
urban corridor width ratio with SVF value which affects the amount of solar radiation 
coming into urban area. 
12.2.3.3 Temperature Minimum ( ௠ܶ௜௡) Map 
 From Figure 12.12, it can be seen that types 1, 2, and 3—with their lower building 
configuration density—have lower nighttime air temperatures than the existing 
condition: types 4, 5, and 6. Sparsely planned urban structures allow heat to be 









Scenario 1 - 1 mass 
 
Scenario 2 - 2 masses 
 
Scenario 3 - 3 masses 
 
Scenario 4 - 5 masses 
 
Scenario 5 - 10 masses 
 
Scenario 6 - 16 masses 
Figure 12.12. Tmin temperature map on existing site condition compared with 6 scenarios of urban 
configuration and density. 
 
Inversely, the higher-density building configuration seems to trap the heat within 
the urban canopy layer and to increase the ambient air temperature, which confirms 
the presence of a potential UHI effect. Types 1, 2, and 3 have a higher average 
building height than types 4, 5, and 6. Therefore, types 1, 2, and 3 allow more open 
spaces than the other types. 
12.2.4 Summary 
The study highlights that urban morphology variables—such as building density 
and height configurations—affect the ambient air temperature distribution at urban 




packed building layout intensify the UHI. This is due to the higher nighttime 
temperature. 
An urban configuration with a lower building density allows for more open spaces 
that potentially increase air temperature during day time as a result of the amount of 
solar radiation entering the urban canopy layer. At nighttime, however, this sparsely 
planned building allows heat to be released from the urban surfaces into the urban 
area and eventually leave the urban canopy layer. Inversely, a densely planned 
urban area provides more shading and reduces the amount of solar heat absorbed, 
thus potentially reducing air temperature during daytime. However, it traps the 
released heat during nighttime and causes higher air temperatures than the 
surrounding areas, which are less dense. Proportional building height and urban 
corridor planning can minimize the SVF condition and consequently solar heat 
radiation coming into the urban canopy layer, which helps to lower the air 
temperature during daytime. 
 
 
Figure 12.13. Average temperature difference on massing configuration scenarios 
 
Figure 12.13 compiles the differences of ௠ܶ௔௫  ௔ܶ௩௚  and ௠ܶ௜௡  respectively, which 
have been compared with the existing conditions and with 6 other scenarios of 




that potentially can be applied to these sites. In general, all building configuration 
scenarios reduce existing condition air temperatures. However, scenarios 5 and 6 do 
not seem to have a significant contribution. Therefore, it can be concluded that urban 
configurations with 1 to 5 buildings effectively reduce the UHI effect in the context of 
sites used in this study. However, this threshold may not be applicable for other sites, 
because of the site area and allowable plot ratio differences. Therefore, further 
detailed study needs to be conducted for other various sites in order to observe the 
particular optimum threshold.  
12.2.5  Importance for the overall research study 
This parametric study confirms that the understanding and application of climatic 
responsive urban planning contributes greatly to improving thermal performance 
within urban areas, which further affects outdoor thermal comfort, health, air quality, 
and urban energy usage. Pertinent to the overall research, this simple parametric 
study shows that the proposed methodology is suitable and appropriate to explore 
and identify the relationship between several parameters in the urban area. 
Furthermore, this approach is useful in analyzing which variables stand out as vital 
components of the research objective.  
However, in order to obtain meaningful outputs and correlations, particularly in 
terms of identifying the optimum threshold, additional case studies need to be 
developed. This is where detailed parametric study can be utilized (as described in 
Chapter 3.4), to furnish more scenarios with a higher degree of variability in terms of 




12.3 Table of scenarios for parametric study (per site) 
























1 20-02-01 20 2 1 Single Rectangle 1 7 2000 4000 44.72 1252.20 3252.20 14000 
2 20-02-02 20 2 2 Single Slab A 1 7 2000 4000 100.00 20.00 1680.00 3680.00 14000 
3 20-02-03 20 2 3 Single Slab B 1 7 2000 4000 100.00 20.00 1680.00 3680.00 14000 
4 20-02-04 20 2 4 Single Plus 1 7 2000 4000 20.00 1680.00 3680.00 14000 
5 20-02-05 20 2 5 Multi Rectangle 2 2 7 2000 4000 31.62 1770.88 3770.88 14000 
6 20-02-06 20 2 6 Multi Slab 2A 2 7 2000 4000 44.72 22.36 1878.30 3878.30 14000 
7 20-02-07 20 2 7 Multi Slab 2B 2 7 2000 4000 44.72 22.36 1878.30 3878.30 14000 
8 20-02-08 20 2 8 Multi Rectangle 4 4 7 2000 4000 22.36 2504.40 4504.40 14000 
9 20-02-09 20 2 9 Multi Slab 4A 4 7 2000 4000 44.72 11.18 3130.50 5130.50 14000 
10 20-02-10 20 2 10 Multi Slab 4B 4 7 2000 4000 44.72 11.18 3130.50 5130.50 14000 
11 20-02-11 20 2 11 Multi Rectangle 9 9 7 2000 4000 14.91 3756.59 5756.59 14000 
12 20-02-12 20 2 12 Multi Rectangle 16 16 7 2000 4000 11.18   5008.79 7008.79 14000 
13 20-04-01 20 4 1 Single Rectangle 1 14 2000 8000 44.72 2504.40 4504.40 28000 
14 20-04-02 20 4 2 Single Slab A 1 14 2000 8000 100.00 20.00 3360.00 5360.00 28000 
15 20-04-03 20 4 3 Single Slab B 1 14 2000 8000 100.00 20.00 3360.00 5360.00 28000 
16 20-04-04 20 4 4 Single Plus 1 14 2000 8000 20.00 3360.00 5360.00 28000 
17 20-04-05 20 4 5 Multi Rectangle 2 2 14 2000 8000 31.62 3541.75 5541.75 28000 
18 20-04-06 20 4 6 Multi Slab 2A 2 14 2000 8000 44.72 22.36 3756.59 5756.59 28000 
19 20-04-07 20 4 7 Multi Slab 2B 2 14 2000 8000 44.72 22.36 3756.59 5756.59 28000 
20 20-04-08 20 4 8 Multi Rectangle 4 4 14 2000 8000 22.36 5008.79 7008.79 28000 
21 20-04-09 20 4 9 Multi Slab 4A 4 14 2000 8000 44.72 11.18 6260.99 8260.99 28000 
22 20-04-10 20 4 10 Multi Slab 4B 4 14 2000 8000 44.72 11.18 6260.99 8260.99 28000 
23 20-04-11 20 4 11 Multi Rectangle 9 9 14 2000 8000 14.91 7513.19 9513.19 28000 
24 20-04-12 20 4 12 Multi Rectangle 16 16 14 2000 8000 11.18   10017.58 12017.58 28000 
25 20-06-01 20 6 1 Single Rectangle 1 21 2000 12000 44.72 3756.59 5756.59 42000 
26 20-06-02 20 6 2 Single Slab A 1 21 2000 12000 100.00 20.00 5040.00 7040.00 42000 
27 20-06-03 20 6 3 Single Slab B 1 21 2000 12000 100.00 20.00 5040.00 7040.00 42000 
28 20-06-04 20 6 4 Single Plus 1 21 2000 12000 20.00 5040.00 7040.00 42000 
29 20-06-05 20 6 5 Multi Rectangle 2 2 21 2000 12000 31.62 5312.63 7312.63 42000 
30 20-06-06 20 6 6 Multi Slab 2A 2 21 2000 12000 44.72 22.36 5634.89 7634.89 42000 
31 20-06-07 20 6 7 Multi Slab 2B 2 21 2000 12000 44.72 22.36 5634.89 7634.89 42000 
32 20-06-08 20 6 8 Multi Rectangle 4 4 21 2000 12000 22.36 7513.19 9513.19 42000 
33 20-06-09 20 6 9 Multi Slab 4A 4 21 2000 12000 44.72 11.18 9391.49 11391.49 42000 
34 20-06-10 20 6 10 Multi Slab 4B 4 21 2000 12000 44.72 11.18 9391.49 11391.49 42000 
35 20-06-11 20 6 11 Multi Rectangle 9 9 21 2000 12000 14.91 11269.78 13269.78 42000 




























37 20-10-01 20 10 1 Single Rectangle 1 35 2000 20000 44.72 6260.99 8260.99 70000 
38 20-10-02 20 10 2 Single Slab A 1 35 2000 20000 100.00 20.00 8400.00 10400.00 70000 
39 20-10-03 20 10 3 Single Slab B 1 35 2000 20000 100.00 20.00 8400.00 10400.00 70000 
40 20-10-04 20 10 4 Single Plus 1 35 2000 20000 20.00 8400.00 10400.00 70000 
41 20-10-05 20 10 5 Multi Rectangle 2 2 35 2000 20000 31.62 8854.38 10854.38 70000 
42 20-10-06 20 10 6 Multi Slab 2A 2 35 2000 20000 44.72 22.36 9391.49 11391.49 70000 
43 20-10-07 20 10 7 Multi Slab 2B 2 35 2000 20000 44.72 22.36 9391.49 11391.49 70000 
44 20-10-08 20 10 8 Multi Rectangle 4 4 35 2000 20000 22.36 12521.98 14521.98 70000 
45 20-10-09 20 10 9 Multi Slab 4A 4 35 2000 20000 44.72 11.18 15652.48 17652.48 70000 
46 20-10-10 20 10 10 Multi Slab 4B 4 35 2000 20000 44.72 11.18 15652.48 17652.48 70000 
47 20-10-11 20 10 11 Multi Rectangle 9 9 35 2000 20000 14.91 18782.97 20782.97 70000 
48 20-10-12 20 10 12 Multi Rectangle 16 16 35 2000 20000 11.18   25043.96 27043.96 70000 
49 20-15-01 20 15 1 Single Rectangle 1 52.5 2000 30000 44.72 9391.49 11391.49 105000 
50 20-15-02 20 15 2 Single Slab A 1 52.5 2000 30000 100.00 20.00 12600.00 14600.00 105000 
51 20-15-03 20 15 3 Single Slab B 1 52.5 2000 30000 100.00 20.00 12600.00 14600.00 105000 
52 20-15-04 20 15 4 Single Plus 1 52.5 2000 30000 20.00 12600.00 14600.00 105000 
53 20-15-05 20 15 5 Multi Rectangle 2 2 52.5 2000 30000 31.62 13281.57 15281.57 105000 
54 20-15-06 20 15 6 Multi Slab 2A 2 52.5 2000 30000 44.72 22.36 14087.23 16087.23 105000 
55 20-15-07 20 15 7 Multi Slab 2B 2 52.5 2000 30000 44.72 22.36 14087.23 16087.23 105000 
56 20-15-08 20 15 8 Multi Rectangle 4 4 52.5 2000 30000 22.36 18782.97 20782.97 105000 
57 20-15-09 20 15 9 Multi Slab 4A 4 52.5 2000 30000 44.72 11.18 23478.71 25478.71 105000 
58 20-15-10 20 15 10 Multi Slab 4B 4 52.5 2000 30000 44.72 11.18 23478.71 25478.71 105000 
59 20-15-11 20 15 11 Multi Rectangle 9 9 52.5 2000 30000 14.91 28174.46 30174.46 105000 
60 20-15-12 20 15 12 Multi Rectangle 16 16 52.5 2000 30000 11.18   37565.94 39565.94 105000 
61 20-20-01 20 20 1 Single Rectangle 1 70 2000 40000 44.72 12521.98 14521.98 140000 
62 20-20-02 20 20 2 Single Slab A 1 70 2000 40000 100.00 20.00 16800.00 18800.00 140000 
63 20-20-03 20 20 3 Single Slab B 1 70 2000 40000 100.00 20.00 16800.00 18800.00 140000 
64 20-20-04 20 20 4 Single Plus 1 70 2000 40000 20.00 16800.00 18800.00 140000 
65 20-20-05 20 20 5 Multi Rectangle 2 2 70 2000 40000 31.62 17708.75 19708.75 140000 
66 20-20-06 20 20 6 Multi Slab 2A 2 70 2000 40000 44.72 22.36 18782.97 20782.97 140000 
67 20-20-07 20 20 7 Multi Slab 2B 2 70 2000 40000 44.72 22.36 18782.97 20782.97 140000 
68 20-20-08 20 20 8 Multi Rectangle 4 4 70 2000 40000 22.36 25043.96 27043.96 140000 
69 20-20-09 20 20 9 Multi Slab 4A 4 70 2000 40000 44.72 11.18 31304.95 33304.95 140000 
70 20-20-10 20 20 10 Multi Slab 4B 4 70 2000 40000 44.72 11.18 31304.95 33304.95 140000 
71 20-20-11 20 20 11 Multi Rectangle 9 9 70 2000 40000 14.91 37565.94 39565.94 140000 




























73 30-02-01 30 2 1 Single Rectangle 1 7 3000 6000 54.77 1533.62 4533.62 21000 
74 30-02-02 30 2 2 Single Slab A 1 7 3000 6000 100.00 30.00 1820.00 4820.00 21000 
75 30-02-03 30 2 3 Single Slab B 1 7 3000 6000 100.00 30.00 1820.00 4820.00 21000 
76 30-02-04 30 2 4 Single Plus 1 7 3000 6000 24.49 2057.57 5057.57 21000 
77 30-02-05 30 2 5 Multi Rectangle 2 2 7 3000 6000 38.73 2168.87 5168.87 21000 
78 30-02-06 30 2 6 Multi Slab 2A 2 7 3000 6000 54.77 27.39 2300.43 5300.43 21000 
79 30-02-07 30 2 7 Multi Slab 2B 2 7 3000 6000 54.77 27.39 2300.43 5300.43 21000 
80 30-02-08 30 2 8 Multi Rectangle 4 4 7 3000 6000 27.39 3067.25 6067.25 21000 
81 30-02-09 30 2 9 Multi Slab 4A 4 7 3000 6000 54.77 13.69 3834.06 6834.06 21000 
82 30-02-10 30 2 10 Multi Slab 4B 4 7 3000 6000 54.77 13.69 3834.06 6834.06 21000 
83 30-02-11 30 2 11 Multi Rectangle 9 9 7 3000 6000 18.26 4600.87 7600.87 21000 
84 30-02-12 30 2 12 Multi Rectangle 16 16 7 3000 6000 13.69   6134.49 9134.49 21000 
85 30-04-01 30 4 1 Single Rectangle 1 14 3000 12000 54.77 3067.25 6067.25 42000 
86 30-04-02 30 4 2 Single Slab A 1 14 3000 12000 100.00 30.00 3640.00 6640.00 42000 
87 30-04-03 30 4 3 Single Slab B 1 14 3000 12000 100.00 30.00 3640.00 6640.00 42000 
88 30-04-04 30 4 4 Single Plus 1 14 3000 12000 24.49 4115.14 7115.14 42000 
89 30-04-05 30 4 5 Multi Rectangle 2 2 14 3000 12000 38.73 4337.74 7337.74 42000 
90 30-04-06 30 4 6 Multi Slab 2A 2 14 3000 12000 54.77 27.39 4600.87 7600.87 42000 
91 30-04-07 30 4 7 Multi Slab 2B 2 14 3000 12000 54.77 27.39 4600.87 7600.87 42000 
92 30-04-08 30 4 8 Multi Rectangle 4 4 14 3000 12000 27.39 6134.49 9134.49 42000 
93 30-04-09 30 4 9 Multi Slab 4A 4 14 3000 12000 54.77 13.69 7668.12 10668.12 42000 
94 30-04-10 30 4 10 Multi Slab 4B 4 14 3000 12000 54.77 13.69 7668.12 10668.12 42000 
95 30-04-11 30 4 11 Multi Rectangle 9 9 14 3000 12000 18.26 9201.74 12201.74 42000 
96 30-04-12 30 4 12 Multi Rectangle 16 16 14 3000 12000 13.69   12268.99 15268.99 42000 
97 30-06-01 30 6 1 Single Rectangle 1 21 3000 18000 54.77 4600.87 7600.87 63000 
98 30-06-02 30 6 2 Single Slab A 1 21 3000 18000 100.00 30.00 5460.00 8460.00 63000 
99 30-06-03 30 6 3 Single Slab B 1 21 3000 18000 100.00 30.00 5460.00 8460.00 63000 
100 30-06-04 30 6 4 Single Plus 1 21 3000 18000 24.49 6172.71 9172.71 63000 
101 30-06-05 30 6 5 Multi Rectangle 2 2 21 3000 18000 38.73 6506.61 9506.61 63000 
102 30-06-06 30 6 6 Multi Slab 2A 2 21 3000 18000 54.77 27.39 6901.30 9901.30 63000 
103 30-06-07 30 6 7 Multi Slab 2B 2 21 3000 18000 54.77 27.39 6901.30 9901.30 63000 
104 30-06-08 30 6 8 Multi Rectangle 4 4 21 3000 18000 27.39 9201.74 12201.74 63000 
105 30-06-09 30 6 9 Multi Slab 4A 4 21 3000 18000 54.77 13.69 11502.17 14502.17 63000 
106 30-06-10 30 6 10 Multi Slab 4B 4 21 3000 18000 54.77 13.69 11502.17 14502.17 63000 
107 30-06-11 30 6 11 Multi Rectangle 9 9 21 3000 18000 18.26 13802.61 16802.61 63000 




























109 30-10-01 30 10 1 Single Rectangle 1 35 3000 30000 54.77 7668.12 10668.12 105000 
110 30-10-02 30 10 2 Single Slab A 1 35 3000 30000 100.00 30.00 9100.00 12100.00 105000 
111 30-10-03 30 10 3 Single Slab B 1 35 3000 30000 100.00 30.00 9100.00 12100.00 105000 
112 30-10-04 30 10 4 Single Plus 1 35 3000 30000 24.49 10287.86 13287.86 105000 
113 30-10-05 30 10 5 Multi Rectangle 2 2 35 3000 30000 38.73 10844.35 13844.35 105000 
114 30-10-06 30 10 6 Multi Slab 2A 2 35 3000 30000 54.77 27.39 11502.17 14502.17 105000 
115 30-10-07 30 10 7 Multi Slab 2B 2 35 3000 30000 54.77 27.39 11502.17 14502.17 105000 
116 30-10-08 30 10 8 Multi Rectangle 4 4 35 3000 30000 27.39 15336.23 18336.23 105000 
117 30-10-09 30 10 9 Multi Slab 4A 4 35 3000 30000 54.77 13.69 19170.29 22170.29 105000 
118 30-10-10 30 10 10 Multi Slab 4B 4 35 3000 30000 54.77 13.69 19170.29 22170.29 105000 
119 30-10-11 30 10 11 Multi Rectangle 9 9 35 3000 30000 18.26 23004.35 26004.35 105000 
120 30-10-12 30 10 12 Multi Rectangle 16 16 35 3000 30000 13.69   30672.46 33672.46 105000 
121 30-15-01 30 15 1 Single Rectangle 1 52.5 3000 45000 54.77 11502.17 14502.17 157500 
122 30-15-02 30 15 2 Single Slab A 1 52.5 3000 45000 100.00 30.00 13650.00 16650.00 157500 
123 30-15-03 30 15 3 Single Slab B 1 52.5 3000 45000 100.00 30.00 13650.00 16650.00 157500 
124 30-15-04 30 15 4 Single Plus 1 52.5 3000 45000 24.49 15431.79 18431.79 157500 
125 30-15-05 30 15 5 Multi Rectangle 2 2 52.5 3000 45000 38.73 16266.53 19266.53 157500 
126 30-15-06 30 15 6 Multi Slab 2A 2 52.5 3000 45000 54.77 27.39 17253.26 20253.26 157500 
127 30-15-07 30 15 7 Multi Slab 2B 2 52.5 3000 45000 54.77 27.39 17253.26 20253.26 157500 
128 30-15-08 30 15 8 Multi Rectangle 4 4 52.5 3000 45000 27.39 23004.35 26004.35 157500 
129 30-15-09 30 15 9 Multi Slab 4A 4 52.5 3000 45000 54.77 13.69 28755.43 31755.43 157500 
130 30-15-10 30 15 10 Multi Slab 4B 4 52.5 3000 45000 54.77 13.69 28755.43 31755.43 157500 
131 30-15-11 30 15 11 Multi Rectangle 9 9 52.5 3000 45000 18.26 34506.52 37506.52 157500 
132 30-15-12 30 15 12 Multi Rectangle 16 16 52.5 3000 45000 13.69   46008.69 49008.69 157500 
133 30-20-01 30 20 1 Single Rectangle 1 70 3000 60000 54.77 15336.23 18336 210000 
134 30-20-02 30 20 2 Single Slab A 1 70 3000 60000 100.00 30.00 18200.00 21200 210000 
135 30-20-03 30 20 3 Single Slab B 1 70 3000 60000 100.00 30.00 18200.00 21200 210000 
136 30-20-04 30 20 4 Single Plus 1 70 3000 60000 24.49 20575.71 23576 210000 
137 30-20-05 30 20 5 Multi Rectangle 2 2 70 3000 60000 38.73 21688.71 24689 210000 
138 30-20-06 30 20 6 Multi Slab 2A 2 70 3000 60000 54.77 27.39 23004.35 26004 210000 
139 30-20-07 30 20 7 Multi Slab 2B 2 70 3000 60000 54.77 27.39 23004.35 26004 210000 
140 30-20-08 30 20 8 Multi Rectangle 4 4 70 3000 60000 27.39 30672.46 33672 210000 
141 30-20-09 30 20 9 Multi Slab 4A 4 70 3000 60000 54.77 13.69 38340.58 41341 210000 
142 30-20-10 30 20 10 Multi Slab 4B 4 70 3000 60000 54.77 13.69 38340.58 41341 210000 
143 30-20-11 30 20 11 Multi Rectangle 9 9 70 3000 60000 18.26 46008.69 49009 210000 




























145 40-02-01 40 2 1 Single Rectangle 1 7 4000 8000 63.25 1770.88 5770.88 28000 
146 40-02-02 40 2 2 Single Slab A 1 7 4000 8000 100.00 40.00 1960.00 5960.00 28000 
147 40-02-03 40 2 3 Single Slab B 1 7 4000 8000 100.00 40.00 1960.00 5960.00 28000 
148 40-02-04 40 2 4 Single Plus 1 7 4000 8000 28.28 2375.88 6375.88 28000 
149 40-02-05 40 2 5 Multi Rectangle 2 2 7 4000 8000 44.72 2504.40 6504.40 28000 
150 40-02-06 40 2 6 Multi Slab 2A 2 7 4000 8000 63.25 31.62 2656.31 6656.31 28000 
151 40-02-07 40 2 7 Multi Slab 2B 2 7 4000 8000 63.25 31.62 2656.31 6656.31 28000 
152 40-02-08 40 2 8 Multi Rectangle 4 4 7 4000 8000 31.62 3541.75 7541.75 28000 
153 40-02-09 40 2 9 Multi Slab 4A 4 7 4000 8000 63.25 15.81 4427.19 8427.19 28000 
154 40-02-10 40 2 10 Multi Slab 4B 4 7 4000 8000 63.25 15.81 4427.19 8427.19 28000 
155 40-02-11 40 2 11 Multi Rectangle 9 9 7 4000 8000 21.08 5312.63 9312.63 28000 
156 40-02-12 40 2 12 Multi Rectangle 16 16 7 4000 8000 15.81   7083.50 11083.50 28000 
157 40-04-01 40 4 1 Single Rectangle 1 14 4000 16000 63.25 3541.75 7541.75 56000 
158 40-04-02 40 4 2 Single Slab A 1 14 4000 16000 100.00 40.00 3920.00 7920.00 56000 
159 40-04-03 40 4 3 Single Slab B 1 14 4000 16000 100.00 40.00 3920.00 7920.00 56000 
160 40-04-04 40 4 4 Single Plus 1 14 4000 16000 28.28 4751.76 8751.76 56000 
161 40-04-05 40 4 5 Multi Rectangle 2 2 14 4000 16000 44.72 5008.79 9008.79 56000 
162 40-04-06 40 4 6 Multi Slab 2A 2 14 4000 16000 63.25 31.62 5312.63 9312.63 56000 
163 40-04-07 40 4 7 Multi Slab 2B 2 14 4000 16000 63.25 31.62 5312.63 9312.63 56000 
164 40-04-08 40 4 8 Multi Rectangle 4 4 14 4000 16000 31.62 7083.50 11083.50 56000 
165 40-04-09 40 4 9 Multi Slab 4A 4 14 4000 16000 63.25 15.81 8854.38 12854.38 56000 
166 40-04-10 40 4 10 Multi Slab 4B 4 14 4000 16000 63.25 15.81 8854.38 12854.38 56000 
167 40-04-11 40 4 11 Multi Rectangle 9 9 14 4000 16000 21.08 10625.25 14625.25 56000 
168 40-04-12 40 4 12 Multi Rectangle 16 16 14 4000 16000 15.81   14167.00 18167.00 56000 
169 40-06-01 40 6 1 Single Rectangle 1 21 4000 24000 63.25 5312.63 9312.63 84000 
170 40-06-02 40 6 2 Single Slab A 1 21 4000 24000 100.00 40.00 5880.00 9880.00 84000 
171 40-06-03 40 6 3 Single Slab B 1 21 4000 24000 100.00 40.00 5880.00 9880.00 84000 
172 40-06-04 40 6 4 Single Plus 1 21 4000 24000 28.28 7127.64 11127.64 84000 
173 40-06-05 40 6 5 Multi Rectangle 2 2 21 4000 24000 44.72 7513.19 11513.19 84000 
174 40-06-06 40 6 6 Multi Slab 2A 2 21 4000 24000 63.25 31.62 7968.94 11968.94 84000 
175 40-06-07 40 6 7 Multi Slab 2B 2 21 4000 24000 63.25 31.62 7968.94 11968.94 84000 
176 40-06-08 40 6 8 Multi Rectangle 4 4 21 4000 24000 31.62 10625.25 14625.25 84000 
177 40-06-09 40 6 9 Multi Slab 4A 4 21 4000 24000 63.25 15.81 13281.57 17281.57 84000 
178 40-06-10 40 6 10 Multi Slab 4B 4 21 4000 24000 63.25 15.81 13281.57 17281.57 84000 
179 40-06-11 40 6 11 Multi Rectangle 9 9 21 4000 24000 21.08 15937.88 19937.88 84000 




























181 40-10-01 40 10 1 Single Rectangle 1 35 4000 40000 63.25 8854.38 12854.38 140000 
182 40-10-02 40 10 2 Single Slab A 1 35 4000 40000 100.00 40.00 9800.00 13800.00 140000 
183 40-10-03 40 10 3 Single Slab B 1 35 4000 40000 100.00 40.00 9800.00 13800.00 140000 
184 40-10-04 40 10 4 Single Plus 1 35 4000 40000 28.28 11879.39 15879.39 140000 
185 40-10-05 40 10 5 Multi Rectangle 2 2 35 4000 40000 44.72 12521.98 16521.98 140000 
186 40-10-06 40 10 6 Multi Slab 2A 2 35 4000 40000 63.25 31.62 13281.57 17281.57 140000 
187 40-10-07 40 10 7 Multi Slab 2B 2 35 4000 40000 63.25 31.62 13281.57 17281.57 140000 
188 40-10-08 40 10 8 Multi Rectangle 4 4 35 4000 40000 31.62 17708.75 21708.75 140000 
189 40-10-09 40 10 9 Multi Slab 4A 4 35 4000 40000 63.25 15.81 22135.94 26135.94 140000 
190 40-10-10 40 10 10 Multi Slab 4B 4 35 4000 40000 63.25 15.81 22135.94 26135.94 140000 
191 40-10-11 40 10 11 Multi Rectangle 9 9 35 4000 40000 21.08 26563.13 30563.13 140000 
192 40-10-12 40 10 12 Multi Rectangle 16 16 35 4000 40000 15.81   35417.51 39417.51 140000 
193 40-15-01 40 15 1 Single Rectangle 1 52.5 4000 60000 63.25 13281.57 17282 210000 
194 40-15-02 40 15 2 Single Slab A 1 52.5 4000 60000 100.00 40.00 14700.00 18700 210000 
195 40-15-03 40 15 3 Single Slab B 1 52.5 4000 60000 100.00 40.00 14700.00 18700 210000 
196 40-15-04 40 15 4 Single Plus 1 52.5 4000 60000 28.28 17819.09 21819 210000 
197 40-15-05 40 15 5 Multi Rectangle 2 2 52.5 4000 60000 44.72 18782.97 22783 210000 
198 40-15-06 40 15 6 Multi Slab 2A 2 52.5 4000 60000 63.25 31.62 19922.35 23922 210000 
199 40-15-07 40 15 7 Multi Slab 2B 2 52.5 4000 60000 63.25 31.62 19922.35 23922 210000 
200 40-15-08 40 15 8 Multi Rectangle 4 4 52.5 4000 60000 31.62 26563.13 30563 210000 
201 40-15-09 40 15 9 Multi Slab 4A 4 52.5 4000 60000 63.25 15.81 33203.92 37204 210000 
202 40-15-10 40 15 10 Multi Slab 4B 4 52.5 4000 60000 63.25 15.81 33203.92 37204 210000 
203 40-15-11 40 15 11 Multi Rectangle 9 9 52.5 4000 60000 21.08 39844.70 43845 210000 
204 40-15-12 40 15 12 Multi Rectangle 16 16 52.5 4000 60000 15.81   53126.26 57126 210000 
205 40-20-01 40 20 1 Single Rectangle 1 70 4000 80000 63.25 17708.75 21708.75 280000 
206 40-20-02 40 20 2 Single Slab A 1 70 4000 80000 100.00 40.00 19600.00 23600.00 280000 
207 40-20-03 40 20 3 Single Slab B 1 70 4000 80000 100.00 40.00 19600.00 23600.00 280000 
208 40-20-04 40 20 4 Single Plus 1 70 4000 80000 28.28 23758.79 27758.79 280000 
209 40-20-05 40 20 5 Multi Rectangle 2 2 70 4000 80000 44.72 25043.96 29043.96 280000 
210 40-20-06 40 20 6 Multi Slab 2A 2 70 4000 80000 63.25 31.62 26563.13 30563.13 280000 
211 40-20-07 40 20 7 Multi Slab 2B 2 70 4000 80000 63.25 31.62 26563.13 30563.13 280000 
212 40-20-08 40 20 8 Multi Rectangle 4 4 70 4000 80000 31.62 35417.51 39417.51 280000 
213 40-20-09 40 20 9 Multi Slab 4A 4 70 4000 80000 63.25 15.81 44271.89 48271.89 280000 
214 40-20-10 40 20 10 Multi Slab 4B 4 70 4000 80000 63.25 15.81 44271.89 48271.89 280000 
215 40-20-11 40 20 11 Multi Rectangle 9 9 70 4000 80000 21.08 53126.26 57126.26 280000 




























217 50-02-01 50 2 1 Single Rectangle 1 7 5000 10000 70.71 1979.90 6979.90 35000 
218 50-02-02 50 2 2 Single Slab A 1 7 5000 10000 100.00 50.00 2100.00 7100.00 35000 
219 50-02-03 50 2 3 Single Slab B 1 7 5000 10000 100.00 50.00 2100.00 7100.00 35000 
220 50-02-04 50 2 4 Single Plus 1 7 5000 10000 31.62 2656.31 7656.31 35000 
221 50-02-06 50 2 6 Multi Slab 2A 2 7 5000 10000 70.71 35.36 2969.85 7969.85 35000 
222 50-02-07 50 2 7 Multi Slab 2B 2 7 5000 10000 70.71 35.36 2969.85 7969.85 35000 
223 50-02-08 50 2 8 Multi Rectangle 4 4 7 5000 10000 35.36 3959.80 8959.80 35000 
224 50-02-09 50 2 9 Multi Slab 4A 4 7 5000 10000 70.71 17.68 4949.75 9949.75 35000 
225 50-02-10 50 2 10 Multi Slab 4B 4 7 5000 10000 70.71 17.68 4949.75 9949.75 35000 
226 50-02-11 50 2 11 Multi Rectangle 9 9 7 5000 10000 23.57 5939.70 10939.70 35000 
227 50-02-12 50 2 12 Multi Rectangle 16 16 7 5000 10000 17.68   7919.60 12919.60 35000 
228 50-04-01 50 4 1 Single Rectangle 1 14 5000 20000 70.71 3959.80 8959.80 70000 
229 50-04-02 50 4 2 Single Slab A 1 14 5000 20000 100.00 50.00 4200.00 9200.00 70000 
230 50-04-03 50 4 3 Single Slab B 1 14 5000 20000 100.00 50.00 4200.00 9200.00 70000 
231 50-04-04 50 4 4 Single Plus 1 14 5000 20000 31.62 5312.63 10312.63 70000 
232 50-04-06 50 4 6 Multi Slab 2A 2 14 5000 20000 70.71 35.36 5939.70 10939.70 70000 
233 50-04-07 50 4 7 Multi Slab 2B 2 14 5000 20000 70.71 35.36 5939.70 10939.70 70000 
234 50-04-08 50 4 8 Multi Rectangle 4 4 14 5000 20000 35.36 7919.60 12919.60 70000 
235 50-04-09 50 4 9 Multi Slab 4A 4 14 5000 20000 70.71 17.68 9899.49 14899.49 70000 
236 50-04-10 50 4 10 Multi Slab 4B 4 14 5000 20000 70.71 17.68 9899.49 14899.49 70000 
237 50-04-11 50 4 11 Multi Rectangle 9 9 14 5000 20000 23.57 11879.39 16879.39 70000 
238 50-04-12 50 4 12 Multi Rectangle 16 16 14 5000 20000 17.68   15839.19 20839.19 70000 
239 50-06-01 50 6 1 Single Rectangle 1 21 5000 30000 70.71   5939.70 10939.70 105000 
240 50-06-02 50 6 2 Single Slab A 1 21 5000 30000 100.00 50.00 6300.00 11300.00 105000 
241 50-06-03 50 6 3 Single Slab B 1 21 5000 30000 100.00 50.00 6300.00 11300.00 105000 
242 50-06-04 50 6 4 Single Plus 1 21 5000 30000 31.62 7968.94 12968.94 105000 
243 50-06-06 50 6 6 Multi Slab 2A 2 21 5000 30000 70.71 35.36 8909.55 13909.55 105000 
244 50-06-07 50 6 7 Multi Slab 2B 2 21 5000 30000 70.71 35.36 8909.55 13909.55 105000 
245 50-06-08 50 6 8 Multi Rectangle 4 4 21 5000 30000 35.36 11879.39 16879.39 105000 
246 50-06-09 50 6 9 Multi Slab 4A 4 21 5000 30000 70.71 17.68 14849.24 19849.24 105000 
247 50-06-10 50 6 10 Multi Slab 4B 4 21 5000 30000 70.71 17.68 14849.24 19849.24 105000 
248 50-06-11 50 6 11 Multi Rectangle 9 9 21 5000 30000 23.57 17819.09 22819.09 105000 





























250 50-10-01 50 10 1 Single Rectangle 1 35 5000 50000 70.71 9899.49 14899.49 175000 
251 50-10-02 50 10 2 Single Slab A 1 35 5000 50000 100.00 50.00 10500.00 15500.00 175000 
252 50-10-03 50 10 3 Single Slab B 1 35 5000 50000 100.00 50.00 10500.00 15500.00 175000 
253 50-10-04 50 10 4 Single Plus 1 35 5000 50000 31.62 13281.57 18281.57 175000 
254 50-10-06 50 10 6 Multi Slab 2A 2 35 5000 50000 70.71 35.36 14849.24 19849.24 175000 
255 50-10-07 50 10 7 Multi Slab 2B 2 35 5000 50000 70.71 35.36 14849.24 19849.24 175000 
256 50-10-08 50 10 8 Multi Rectangle 4 4 35 5000 50000 35.36 19798.99 24798.99 175000 
257 50-10-09 50 10 9 Multi Slab 4A 4 35 5000 50000 70.71 17.68 24748.74 29748.74 175000 
258 50-10-10 50 10 10 Multi Slab 4B 4 35 5000 50000 70.71 17.68 24748.74 29748.74 175000 
259 50-10-11 50 10 11 Multi Rectangle 9 9 35 5000 50000 23.57 29698.48 34698.48 175000 
260 50-10-12 50 10 12 Multi Rectangle 16 16 35 5000 50000 17.68   39597.98 44597.98 175000 
261 50-15-01 50 15 1 Single Rectangle 1 52.5 5000 75000 70.71 14849.24 19849.24 262500 
262 50-15-02 50 15 2 Single Slab A 1 52.5 5000 75000 100.00 50.00 15750.00 20750.00 262500 
263 50-15-03 50 15 3 Single Slab B 1 52.5 5000 75000 100.00 50.00 15750.00 20750.00 262500 
264 50-15-04 50 15 4 Single Plus 1 52.5 5000 75000 31.62 19922.35 24922.35 262500 
265 50-15-06 50 15 6 Multi Slab 2A 2 52.5 5000 75000 70.71 35.36 22273.86 27273.86 262500 
266 50-15-07 50 15 7 Multi Slab 2B 2 52.5 5000 75000 70.71 35.36 22273.86 27273.86 262500 
267 50-15-08 50 15 8 Multi Rectangle 4 4 52.5 5000 75000 35.36 29698.48 34698.48 262500 
268 50-15-09 50 15 9 Multi Slab 4A 4 52.5 5000 75000 70.71 17.68 37123.11 42123.11 262500 
269 50-15-10 50 15 10 Multi Slab 4B 4 52.5 5000 75000 70.71 17.68 37123.11 42123.11 262500 
270 50-15-11 50 15 11 Multi Rectangle 9 9 52.5 5000 75000 23.57 44547.73 49547.73 262500 
271 50-15-12 50 15 12 Multi Rectangle 16 16 52.5 5000 75000 17.68   59396.97 64396.97 262500 
272 50-20-01 50 20 1 Single Rectangle 1 70 5000 100000 70.71 19798.99 24798.99 350000 
273 50-20-02 50 20 2 Single Slab A 1 70 5000 100000 100.00 50.00 21000.00 26000.00 350000 
274 50-20-03 50 20 3 Single Slab B 1 70 5000 100000 100.00 50.00 21000.00 26000.00 350000 
275 50-20-04 50 20 4 Single Plus 1 70 5000 100000 31.62 26563.13 31563.13 350000 
276 50-20-06 50 20 6 Multi Slab 2A 2 70 5000 100000 70.71 35.36 29698.48 34698.48 350000 
277 50-20-07 50 20 7 Multi Slab 2B 2 70 5000 100000 70.71 35.36 29698.48 34698.48 350000 
278 50-20-08 50 20 8 Multi Rectangle 4 4 70 5000 100000 35.36 39597.98 44597.98 350000 
279 50-20-09 50 20 9 Multi Slab 4A 4 70 5000 100000 70.71 17.68 49497.47 54497.47 350000 
280 50-20-10 50 20 10 Multi Slab 4B 4 70 5000 100000 70.71 17.68 49497.47 54497.47 350000 
281 50-20-11 50 20 11 Multi Rectangle 9 9 70 5000 100000 23.57 59396.97 64396.97 350000 





























283 60-02-01 60 2 1 Single Rectangle 1 7 6000 12000 77.46 2168.87 8168.87 42000 
284 60-02-02 60 2 2 Single Slab A 1 7 6000 12000 100 60 2240.00 8240.00 42000 
285 60-02-03 60 2 3 Single Slab B 1 7 6000 12000 100 60 2240.00 8240.00 42000 
286 60-02-06 60 2 6 Multi Slab 2A 2 7 6000 12000 77.46 38.73 3253.31 9253.31 42000 
287 60-02-07 60 2 7 Multi Slab 2B 2 7 6000 12000 77.46 38.73 3253.31 9253.31 42000 
288 60-02-08 60 2 8 Multi Rectangle 4 4 7 6000 12000 38.73 4337.74 10337.74 42000 
289 60-02-09 60 2 9 Multi Slab 4A 4 7 6000 12000 77.46 19.365 5422.18 11422.18 42000 
290 60-02-10 60 2 10 Multi Slab 4B 4 7 6000 12000 77.46 19.365 5422.18 11422.18 42000 
291 60-02-11 60 2 11 Multi Rectangle 9 9 7 6000 12000 25.82 6506.61 12506.61 42000 
292 60-02-12 60 2 12 Multi Rectangle 16 16 7 6000 12000 19.365   8675.48 14675.48 42000 
293 60-04-01 60 4 1 Single Rectangle 1 14 6000 24000 77.46 4337.74 10337.74 84000 
294 60-04-02 60 4 2 Single Slab A 1 14 6000 24000 100 60 4480 10480 84000 
295 60-04-03 60 4 3 Single Slab B 1 14 6000 24000 100 60 4480 10480 84000 
296 60-04-06 60 4 6 Multi Slab 2A 2 14 6000 24000 77.46 38.73 6506.61 12506.61 84000 
297 60-04-07 60 4 7 Multi Slab 2B 2 14 6000 24000 77.46 38.73 6506.61 12506.61 84000 
298 60-04-08 60 4 8 Multi Rectangle 4 4 14 6000 24000 38.73 8675.48 14675.48 84000 
299 60-04-09 60 4 9 Multi Slab 4A 4 14 6000 24000 77.46 19.36 10844.35 16844.35 84000 
300 60-04-10 60 4 10 Multi Slab 4B 4 14 6000 24000 77.46 19.36 10844.35 16844.35 84000 
301 60-04-11 60 4 11 Multi Rectangle 9 9 14 6000 24000 25.82 13013.22 19013.22 84000 
302 60-04-12 60 4 12 Multi Rectangle 16 16 14 6000 24000 19.36   17350.97 23350.97 84000 
303 60-06-01 60 6 1 Single Rectangle 1 21 6000 36000 77.46 6506.61 12506.61 126000 
304 60-06-02 60 6 2 Single Slab A 1 21 6000 36000 100 60 6720 12720 126000 
305 60-06-03 60 6 3 Single Slab B 1 21 6000 36000 100 60 6720 12720 126000 
306 60-06-06 60 6 6 Multi Slab 2A 2 21 6000 36000 77.46 38.73 9759.92 15759.92 126000 
307 60-06-07 60 6 7 Multi Slab 2B 2 21 6000 36000 77.46 38.73 9759.92 15759.92 126000 
308 60-06-08 60 6 8 Multi Rectangle 4 4 21 6000 36000 38.73 13013.22 19013.22 126000 
309 60-06-09 60 6 9 Multi Slab 4A 4 21 6000 36000 77.46 19.36 16266.53 22266.53 126000 
310 60-06-10 60 6 10 Multi Slab 4B 4 21 6000 36000 77.46 19.36 16266.53 22266.53 126000 
311 60-06-11 60 6 11 Multi Rectangle 9 9 21 6000 36000 25.82 19519.84 25519.84 126000 





























313 60-10-01 60 10 1 Single Rectangle 1 35 6000 60000 77.46 10844.35 16844 210000 
314 60-10-02 60 10 2 Single Slab A 1 35 6000 60000 100 60 11200 17200 210000 
315 60-10-03 60 10 3 Single Slab B 1 35 6000 60000 100 60 11200 17200 210000 
316 60-10-06 60 10 6 Multi Slab 2A 2 35 6000 60000 77.46 38.73 16266.53 22267 210000 
317 60-10-07 60 10 7 Multi Slab 2B 2 35 6000 60000 77.46 38.73 16266.53 22267 210000 
318 60-10-08 60 10 8 Multi Rectangle 4 4 35 6000 60000 38.73 21688.71 27689 210000 
319 60-10-09 60 10 9 Multi Slab 4A 4 35 6000 60000 77.46 19.36 27110.88 33111 210000 
320 60-10-10 60 10 10 Multi Slab 4B 4 35 6000 60000 77.46 19.36 27110.88 33111 210000 
321 60-10-11 60 10 11 Multi Rectangle 9 9 35 6000 60000 25.82 32533.06 38533 210000 
322 60-10-12 60 10 12 Multi Rectangle 16 16 35 6000 60000 19.36   43377.41 49377 210000 
323 60-15-01 60 15 1 Single Rectangle 1 52.5 6000 90000 77.46   16266.53 22266.53 315000 
324 60-15-02 60 15 2 Single Slab A 1 52.5 6000 90000 100 60 16800 22800 315000 
325 60-15-03 60 15 3 Single Slab B 1 52.5 6000 90000 100 60 16800 22800 315000 
326 60-15-06 60 15 6 Multi Slab 2A 2 52.5 6000 90000 77.46 38.73 24399.8 30399.8 315000 
327 60-15-07 60 15 7 Multi Slab 2B 2 52.5 6000 90000 77.46 38.73 24399.8 30399.8 315000 
328 60-15-08 60 15 8 Multi Rectangle 4 4 52.5 6000 90000 38.73 32533.06 38533.06 315000 
329 60-15-09 60 15 9 Multi Slab 4A 4 52.5 6000 90000 77.46 19.36 40666.33 46666.33 315000 
330 60-15-10 60 15 10 Multi Slab 4B 4 52.5 6000 90000 77.46 19.36 40666.33 46666.33 315000 
331 60-15-11 60 15 11 Multi Rectangle 9 9 52.5 6000 90000 25.82 48799.59 54799.59 315000 
332 60-15-12 60 15 12 Multi Rectangle 16 16 52.5 6000 90000 19.36   65066.12 71066.12 315000 
333 60-20-01 60 20 1 Single Rectangle 1 70 6000 120000 77.46 21688.71 27688.71 420000 
334 60-20-02 60 20 2 Single Slab A 1 70 6000 120000 100 60 22400 28400 420000 
335 60-20-03 60 20 3 Single Slab B 1 70 6000 120000 100 60 22400 28400 420000 
336 60-20-06 60 20 6 Multi Slab 2A 2 70 6000 120000 77.46 38.73 32533.06 38533.06 420000 
337 60-20-07 60 20 7 Multi Slab 2B 2 70 6000 120000 77.46 38.73 32533.06 38533.06 420000 
338 60-20-08 60 20 8 Multi Rectangle 4 4 70 6000 120000 38.73 43377.41 49377.41 420000 
339 60-20-09 60 20 9 Multi Slab 4A 4 70 6000 120000 77.46 19.36 54221.77 60221.77 420000 
340 60-20-10 60 20 10 Multi Slab 4B 4 70 6000 120000 77.46 19.36 54221.77 60221.77 420000 
341 60-20-11 60 20 11 Multi Rectangle 9 9 70 6000 120000 25.82 65066.12 71066.12 420000 





























343 70-02-01 70 2 1 Single Rectangle 7 7000 14000 83.67 2342.65 9342.65 49000 
344 70-02-02 70 2 2 Single Slab A 1 7 7000 14000 100 70 2380 9380 49000 
345 70-02-03 70 2 3 Single Slab B 1 7 7000 14000 100 70 2380 9380 49000 
346 70-02-06 70 2 6 Multi Slab 2A 2 7 7000 14000 83.67 41.83 3513.97 10513.97 49000 
347 70-02-07 70 2 7 Multi Slab 2B 2 7 7000 14000 83.67 41.83 3513.97 10513.97 49000 
348 70-02-08 70 2 8 Multi Rectangle 4 4 7 7000 14000 41.83 4685.3 11685.3 49000 
349 70-02-09 70 2 9 Multi Slab 4A 4 7 7000 14000 83.67 20.92 5856.62 12856.62 49000 
350 70-02-10 70 2 10 Multi Slab 4B 4 7 7000 14000 83.67 20.92 5856.62 12856.62 49000 
351 70-02-11 70 2 11 Multi Rectangle 9 9 7 7000 14000 27.89 7027.94 14027.94 49000 
352 70-02-12 70 2 12 Multi Rectangle 16 16 7 7000 14000 20.92   9370.59 16370.59 49000 
353 70-04-01 70 4 1 Single Rectangle 1 14 7000 28000 83.67 4685.30 11685.30 98000 
354 70-04-02 70 4 2 Single Slab A 1 14 7000 28000 100.00 70.00 4760.00 11760.00 98000 
355 70-04-03 70 4 3 Single Slab B 1 14 7000 28000 100.00 70.00 4760.00 11760.00 98000 
356 70-04-06 70 4 6 Multi Slab 2A 2 14 7000 28000 83.67 41.83 7027.94 14027.94 98000 
357 70-04-07 70 4 7 Multi Slab 2B 2 14 7000 28000 83.67 41.83 7027.94 14027.94 98000 
358 70-04-08 70 4 8 Multi Rectangle 4 4 14 7000 28000 41.83 9370.59 16370.59 98000 
359 70-04-09 70 4 9 Multi Slab 4A 4 14 7000 28000 83.67 20.92 11713.24 18713.24 98000 
360 70-04-10 70 4 10 Multi Slab 4B 4 14 7000 28000 83.67 20.92 11713.24 18713.24 98000 
361 70-04-11 70 4 11 Multi Rectangle 9 9 14 7000 28000 27.89 14055.89 21055.89 98000 
362 70-04-12 70 4 12 Multi Rectangle 16 16 14 7000 28000 20.92   18741.18 25741.18 98000 
363 70-06-01 70 6 1 Single Rectangle 21 7000 42000 83.67 7027.94 14027.94 147000 
364 70-06-02 70 6 2 Single Slab A 1 21 7000 42000 100 70 7140 14140 147000 
365 70-06-03 70 6 3 Single Slab B 1 21 7000 42000 100 70 7140 14140 147000 
366 70-06-06 70 6 6 Multi Slab 2A 2 21 7000 42000 83.67 41.83 10541.92 17541.92 147000 
367 70-06-07 70 6 7 Multi Slab 2B 2 21 7000 42000 83.67 41.83 10541.92 17541.92 147000 
368 70-06-08 70 6 8 Multi Rectangle 4 4 21 7000 42000 41.83 14055.89 21055.89 147000 
369 70-06-09 70 6 9 Multi Slab 4A 4 21 7000 42000 83.67 20.92 17569.86 24569.86 147000 
370 70-06-10 70 6 10 Multi Slab 4B 4 21 7000 42000 83.67 20.92 17569.86 24569.86 147000 
371 70-06-11 70 6 11 Multi Rectangle 9 9 21 7000 42000 27.89 21083.83 28083.83 147000 





























373 70-10-01 70 10 1 Single Rectangle 1 35 7000 70000 83.67 11713.24 18713.24 245000 
374 70-10-02 70 10 2 Single Slab A 1 35 7000 70000 100 70 11900 18900 245000 
375 70-10-03 70 10 3 Single Slab B 1 35 7000 70000 100 70 11900 18900 245000 
376 70-10-06 70 10 6 Multi Slab 2A 2 35 7000 70000 83.67 41.83 17569.86 24569.86 245000 
377 70-10-07 70 10 7 Multi Slab 2B 2 35 7000 70000 83.67 41.83 17569.86 24569.86 245000 
378 70-10-08 70 10 8 Multi Rectangle 4 4 35 7000 70000 41.83 23426.48 30426.48 245000 
379 70-10-09 70 10 9 Multi Slab 4A 4 35 7000 70000 83.67 20.92 29283.1 36283.1 245000 
380 70-10-10 70 10 10 Multi Slab 4B 4 35 7000 70000 83.67 20.92 29283.1 36283.1 245000 
381 70-10-11 70 10 11 Multi Rectangle 9 9 35 7000 70000 27.89 35139.72 42139.72 245000 
382 70-10-12 70 10 12 Multi Rectangle 16 16 35 7000 70000 20.92   46852.96 53852.96 245000 
383 70-15-01 70 15 1 Single Rectangle 1 52.5 7000 105000 83.67 17569.86 24569.86 367500 
384 70-15-02 70 15 2 Single Slab A 1 52.5 7000 105000 100 70 17850 24850 367500 
385 70-15-03 70 15 3 Single Slab B 1 52.5 7000 105000 100 70 17850 24850 367500 
386 70-15-06 70 15 6 Multi Slab 2A 2 52.5 7000 105000 83.67 41.83 26354.79 33354.79 367500 
387 70-15-07 70 15 7 Multi Slab 2B 2 52.5 7000 105000 83.67 41.83 26354.79 33354.79 367500 
388 70-15-08 70 15 8 Multi Rectangle 4 4 52.5 7000 105000 41.83 35139.72 42139.72 367500 
389 70-15-09 70 15 9 Multi Slab 4A 4 52.5 7000 105000 83.67 20.92 43924.65 50924.65 367500 
390 70-15-10 70 15 10 Multi Slab 4B 4 52.5 7000 105000 83.67 20.92 43924.65 50924.65 367500 
391 70-15-11 70 15 11 Multi Rectangle 9 9 52.5 7000 105000 27.89 52709.58 59709.58 367500 
392 70-15-12 70 15 12 Multi Rectangle 16 16 52.5 7000 105000 20.92   70279.44 77279.44 367500 
393 70-20-01 70 20 1 Single Rectangle 1 70 7000 140000 83.67 23426.48 30426.48 490000 
394 70-20-02 70 20 2 Single Slab A 1 70 7000 140000 100 70 23800 30800 490000 
395 70-20-03 70 20 3 Single Slab B 1 70 7000 140000 100 70 23800 30800 490000 
396 70-20-06 70 20 6 Multi Slab 2A 2 70 7000 140000 83.67 41.83 35139.72 42139.72 490000 
397 70-20-07 70 20 7 Multi Slab 2B 2 70 7000 140000 83.67 41.83 35139.72 42139.72 490000 
398 70-20-08 70 20 8 Multi Rectangle 4 4 70 7000 140000 41.83 46852.96 53852.96 490000 
399 70-20-09 70 20 9 Multi Slab 4A 4 70 7000 140000 83.67 20.92 58566.2 65566.2 490000 
400 70-20-10 70 20 10 Multi Slab 4B 4 70 7000 140000 83.67 20.92 58566.2 65566.2 490000 
401 70-20-11 70 20 11 Multi Rectangle 9 9 70 7000 140000 27.89 70279.44 77279.44 490000 





























403 80-02-01 80 2 1 Single Rectangle 1 7 8000 16000 89.44 2504.40 10504.40 56000 
404 80-02-02 80 2 2 Single Slab A 1 7 8000 16000 100.00 80.00 2520.00 10520.00 56000 
405 80-02-03 80 2 3 Single Slab B 1 7 8000 16000 100.00 80.00 2520.00 10520.00 56000 
406 80-02-06 80 2 6 Multi Slab 2A 2 7 8000 16000 89.44 44.72 3756.59 11756.59 56000 
407 80-02-07 80 2 7 Multi Slab 2B 2 7 8000 16000 89.44 44.72 3756.59 11756.59 56000 
408 80-02-08 80 2 8 Multi Rectangle 4 4 7 8000 16000 44.72 5008.79 13008.79 56000 
409 80-02-09 80 2 9 Multi Slab 4A 4 7 8000 16000 89.44 22.36 6260.99 14260.99 56000 
410 80-02-10 80 2 10 Multi Slab 4B 4 7 8000 16000 89.44 22.36 6260.99 14260.99 56000 
411 80-02-11 80 2 11 Multi Rectangle 9 9 7 8000 16000 29.81 7513.19 15513.19 56000 
412 80-02-12 80 2 12 Multi Rectangle 16 16 7 8000 16000 22.36   10017.58 18017.58 56000 
413 80-04-01 80 4 1 Single Rectangle 1 14 8000 32000 89.44 5008.79 13008.79 112000 
414 80-04-02 80 4 2 Single Slab A 1 14 8000 32000 100.00 80.00 5040.00 13040.00 112000 
415 80-04-03 80 4 3 Single Slab B 1 14 8000 32000 100.00 80.00 5040.00 13040.00 112000 
416 80-04-06 80 4 6 Multi Slab 2A 2 14 8000 32000 89.44 44.72 7513.19 15513.19 112000 
417 80-04-07 80 4 7 Multi Slab 2B 2 14 8000 32000 89.44 44.72 7513.19 15513.19 112000 
418 80-04-08 80 4 8 Multi Rectangle 4 4 14 8000 32000 44.72 10017.58 18017.58 112000 
419 80-04-09 80 4 9 Multi Slab 4A 4 14 8000 32000 89.44 22.36 12521.98 20521.98 112000 
420 80-04-10 80 4 10 Multi Slab 4B 4 14 8000 32000 89.44 22.36 12521.98 20521.98 112000 
421 80-04-11 80 4 11 Multi Rectangle 9 9 14 8000 32000 29.81 15026.38 23026.38 112000 
422 80-04-12 80 4 12 Multi Rectangle 16 16 14 8000 32000 22.36   20035.17 28035.17 112000 
423 80-06-01 80 6 1 Single Rectangle 1 21 8000 48000 89.44 7513.19 15513.19 168000 
424 80-06-02 80 6 2 Single Slab A 1 21 8000 48000 100.00 80.00 7560.00 15560.00 168000 
425 80-06-03 80 6 3 Single Slab B 1 21 8000 48000 100.00 80.00 7560.00 15560.00 168000 
426 80-06-06 80 6 6 Multi Slab 2A 2 21 8000 48000 89.44 44.72 11269.78 19269.78 168000 
427 80-06-07 80 6 7 Multi Slab 2B 2 21 8000 48000 89.44 44.72 11269.78 19269.78 168000 
428 80-06-08 80 6 8 Multi Rectangle 4 4 21 8000 48000 44.72 15026.38 23026.38 168000 
429 80-06-09 80 6 9 Multi Slab 4A 4 21 8000 48000 89.44 22.36 18782.97 26782.97 168000 
430 80-06-10 80 6 10 Multi Slab 4B 4 21 8000 48000 89.44 22.36 18782.97 26782.97 168000 
431 80-06-11 80 6 11 Multi Rectangle 9 9 21 8000 48000 29.81 22539.57 30539.57 168000 





























433 80-10-01 80 10 1 Single Rectangle 1 35 8000 80000 89.44 12521.98 20521.98 280000 
434 80-10-02 80 10 2 Single Slab A 1 35 8000 80000 100.00 80.00 12600.00 20600.00 280000 
435 80-10-03 80 10 3 Single Slab B 1 35 8000 80000 100.00 80.00 12600.00 20600.00 280000 
436 80-10-06 80 10 6 Multi Slab 2A 2 35 8000 80000 89.44 44.72 18782.97 26782.97 280000 
437 80-10-07 80 10 7 Multi Slab 2B 2 35 8000 80000 89.44 44.72 18782.97 26782.97 280000 
438 80-10-08 80 10 8 Multi Rectangle 4 4 35 8000 80000 44.72 25043.96 33043.96 280000 
439 80-10-09 80 10 9 Multi Slab 4A 4 35 8000 80000 89.44 22.36 31304.95 39304.95 280000 
440 80-10-10 80 10 10 Multi Slab 4B 4 35 8000 80000 89.44 22.36 31304.95 39304.95 280000 
441 80-10-11 80 10 11 Multi Rectangle 9 9 35 8000 80000 29.81 37565.94 45565.94 280000 
442 80-10-12 80 10 12 Multi Rectangle 16 16 35 8000 80000 22.36   50087.92 58087.92 280000 
443 80-15-01 80 15 1 Single Rectangle 1 52.5 8000 120000 89.44 18782.97 26782.97 420000 
444 80-15-02 80 15 2 Single Slab A 1 52.5 8000 120000 100.00 80.00 18900.00 26900.00 420000 
445 80-15-03 80 15 3 Single Slab B 1 52.5 8000 120000 100.00 80.00 18900.00 26900.00 420000 
446 80-15-06 80 15 6 Multi Slab 2A 2 52.5 8000 120000 89.44 44.72 28174.46 36174.46 420000 
447 80-15-07 80 15 7 Multi Slab 2B 2 52.5 8000 120000 89.44 44.72 28174.46 36174.46 420000 
448 80-15-08 80 15 8 Multi Rectangle 4 4 52.5 8000 120000 44.72 37565.94 45565.94 420000 
449 80-15-09 80 15 9 Multi Slab 4A 4 52.5 8000 120000 89.44 22.36 46957.43 54957.43 420000 
450 80-15-10 80 15 10 Multi Slab 4B 4 52.5 8000 120000 89.44 22.36 46957.43 54957.43 420000 
451 80-15-11 80 15 11 Multi Rectangle 9 9 52.5 8000 120000 29.81 56348.91 64348.91 420000 
452 80-15-12 80 15 12 Multi Rectangle 16 16 52.5 8000 120000 22.36   75131.88 83131.88 420000 
453 80-20-01 80 20 1 Single Rectangle 1 70 8000 160000 89.44 25043.96 33043.96 560000 
454 80-20-02 80 20 2 Single Slab A 1 70 8000 160000 100.00 80.00 25200.00 33200.00 560000 
455 80-20-03 80 20 3 Single Slab B 1 70 8000 160000 100.00 80.00 25200.00 33200.00 560000 
456 80-20-06 80 20 6 Multi Slab 2A 2 70 8000 160000 89.44 44.72 37565.94 45565.94 560000 
457 80-20-07 80 20 7 Multi Slab 2B 2 70 8000 160000 89.44 44.72 37565.94 45565.94 560000 
458 80-20-08 80 20 8 Multi Rectangle 4 4 70 8000 160000 44.72 50087.92 58087.92 560000 
459 80-20-09 80 20 9 Multi Slab 4A 4 70 8000 160000 89.44 22.36 62609.90 70609.90 560000 
460 80-20-10 80 20 10 Multi Slab 4B 4 70 8000 160000 89.44 22.36 62609.90 70609.90 560000 
461 80-20-11 80 20 11 Multi Rectangle 9 9 70 8000 160000 29.81 75131.88 83131.88 560000 







12.4 Tabulation of all scenarios (per district scale).  
Urban geometry variable values provided are the aggregation over the whole area. 








Volume (m3) FAR GSC OSR ST C SVF 
SkyEF 
(%) 
1 20-02-01 6 24000 12000 19513.19 84000 0.2715 0.1357 3.1833 2 0.2323 0.8957 45.7500 
2 20-02-02 6 24000 12000 22080.00 84000 0.2715 0.1357 3.1833 2 0.2629 0.8689 44.6490 
3 20-02-03 2 24000 12000 20480.00 84000 0.2715 0.1357 3.1833 2 0.2438 0.9000 43.7180 
4 20-02-04 6 24000 12000 22080.00 84000 0.2715 0.1357 3.1833 2 0.2629 0.8904 43.5390 
5 20-02-05 12 24000 12000 22625.25 84000 0.2715 0.1357 3.1833 2 0.2693 0.8559 45.0240 
6 20-02-06 12 24000 12000 23269.78 84000 0.2715 0.1357 3.1833 2 0.2770 0.8652 45.4860 
7 20-02-07 12 24000 12000 23269.78 84000 0.2715 0.1357 3.1833 2 0.2770 0.8830 45.5080 
8 20-02-08 24 24000 12000 27026.38 84000 0.2715 0.1357 3.1833 2 0.3217 0.8593 45.2180 
9 20-02-09 24 24000 12000 30782.97 84000 0.2715 0.1357 3.1833 2 0.3665 0.8141 44.5430 
10 20-02-10 24 24000 12000 30782.97 84000 0.2715 0.1357 3.1833 2 0.3665 0.8672 44.6630 
11 20-02-11 54 24000 12000 34539.57 84000 0.2715 0.1357 3.1833 2 0.4112 0.8074 44.3700 
12 20-02-12 72 24000 12000 42052.75 84000 0.2715 0.1357 3.1833 2 0.5006 0.7996 43.8470 
13 20-04-01 6 48000 12000 27026.38 168000 0.5430 0.1357 1.5917 4 0.1609 0.8289 46.2870 
14 20-04-02 6 48000 12000 32160.00 168000 0.5430 0.1357 1.5917 4 0.1914 0.7741 45.0250 
15 20-04-03 2 48000 12000 28880.00 168000 0.5430 0.1357 1.5917 4 0.1719 0.8327 45.3120 
16 20-04-04 6 48000 12000 32160.00 168000 0.5430 0.1357 1.5917 4 0.1914 0.8181 41.4060 
17 20-04-05 12 48000 12000 33250.51 168000 0.5430 0.1357 1.5917 4 0.1979 0.7563 44.4940 
18 20-04-06 12 48000 12000 34539.57 168000 0.5430 0.1357 1.5917 4 0.2056 0.7661 45.1950 
19 20-04-07 12 48000 12000 34539.57 168000 0.5430 0.1357 1.5917 4 0.2056 0.7941 45.2830 
20 20-04-08 24 48000 12000 42052.75 168000 0.5430 0.1357 1.5917 4 0.2503 0.7411 44.2490 
21 20-04-09 24 48000 12000 49565.94 168000 0.5430 0.1357 1.5917 4 0.2950 0.7007 42.6590 
22 20-04-10 24 48000 12000 49565.94 168000 0.5430 0.1357 1.5917 4 0.2950 0.7611 43.0000 
23 20-04-11 54 48000 12000 57079.13 168000 0.5430 0.1357 1.5917 4 0.3398 0.6563 41.7980 
24 20-04-12 72 48000 12000 72105.51 168000 0.5430 0.1357 1.5917 4 0.4292 0.6254 40.3680 
25 20-06-01 6 72000 12000 34539.57 252000 0.8145 0.1357 1.0611 6 0.1371 0.7702 46.2660 
26 20-06-02 6 72000 12000 42240.00 252000 0.8145 0.1357 1.0611 6 0.1676 0.7007 44.7810 
27 20-06-03 2 72000 12000 37280.00 252000 0.8145 0.1357 1.0611 6 0.1479 0.7703 46.1050 
28 20-06-04 6 72000 12000 42240.00 252000 0.8145 0.1357 1.0611 6 0.1676 0.7570 39.7300 
29 20-06-05 12 72000 12000 43875.76 252000 0.8145 0.1357 1.0611 6 0.1741 0.6896 43.5500 
30 20-06-06 12 72000 12000 45809.35 252000 0.8145 0.1357 1.0611 6 0.1818 0.6954 44.5070 
31 20-06-07 12 72000 12000 45809.35 252000 0.8145 0.1357 1.0611 6 0.1818 0.7206 44.6410 
32 20-06-08 24 72000 12000 57079.13 252000 0.8145 0.1357 1.0611 6 0.2265 0.6507 42.8880 
33 20-06-09 24 72000 12000 68348.91 252000 0.8145 0.1357 1.0611 6 0.2712 0.6311 40.9670 
34 20-06-10 24 72000 12000 68348.91 252000 0.8145 0.1357 1.0611 6 0.2712 0.6767 39.1750 
35 20-06-11 54 72000 12000 79618.70 252000 0.8145 0.1357 1.0611 6 0.3159 0.5598 39.1750 












Volume (m3) FAR GSC OSR ST C SVF 
SkyEF 
(%) 
37 20-10-01 6 120000 12000 49565.94 420000 1.3575 0.1357 0.6367 10 0.1180 0.6496 45.9550 
38 20-10-02 6 120000 12000 62400.00 420000 1.3575 0.1357 0.6367 10 0.1486 0.5542 44.1920 
39 20-10-03 2 120000 12000 54080.00 420000 1.3575 0.1357 0.6367 10 0.1288 0.6864 46.6910 
40 20-10-04 6 120000 12000 62400.00 420000 1.3575 0.1357 0.6367 10 0.1486 0.6303 38.1300 
41 20-10-05 12 120000 12000 65126.26 420000 1.3575 0.1357 0.6367 10 0.1551 0.5691 42.2650 
42 20-10-06 12 120000 12000 68348.91 420000 1.3575 0.1357 0.6367 10 0.1627 0.5723 43.3030 
43 20-10-07 12 120000 12000 68348.91 420000 1.3575 0.1357 0.6367 10 0.1627 0.5831 43.4220 
44 20-10-08 24 120000 12000 87131.88 420000 1.3575 0.1357 0.6367 10 0.2075 0.5047 40.7630 
45 20-10-09 24 120000 12000 105914.86 420000 1.3575 0.1357 0.6367 10 0.2522 0.5149 39.0230 
46 20-10-10 24 120000 12000 105914.86 420000 1.3575 0.1357 0.6367 10 0.2522 0.5317 39.1640 
47 20-10-11 54 120000 12000 124697.83 420000 1.3575 0.1357 0.6367 10 0.2969 0.4136 35.9060 
48 20-10-12 72 120000 12000 162263.77 420000 1.3575 0.1357 0.6367 10 0.3863 0.3653 33.2290 
49 20-15-01 6 180000 12000 68348.91 630000 2.0362 0.1357 0.4244 15 0.1085 0.6119 45.2110 
50 20-15-02 6 180000 12000 87600.00 630000 2.0362 0.1357 0.4244 15 0.1390 0.5117 43.1650 
51 20-15-03 2 180000 12000 75080.00 630000 2.0362 0.1357 0.4244 15 0.1192 0.5647 46.6870 
52 20-15-04 6 180000 12000 87600.00 630000 2.0362 0.1357 0.4244 15 0.1390 0.5904 36.4930 
53 20-15-05 12 180000 12000 91689.40 630000 2.0362 0.1357 0.4244 15 0.1455 0.5233 40.8440 
54 20-15-06 12 180000 12000 96523.37 630000 2.0362 0.1357 0.4244 15 0.1532 0.5287 41.8970 
55 20-15-07 12 180000 12000 96523.37 630000 2.0362 0.1357 0.4244 15 0.1532 0.5291 41.9010 
56 20-15-08 24 180000 12000 124697.83 630000 2.0362 0.1357 0.4244 15 0.1979 0.4389 38.4560 
57 20-15-09 24 180000 12000 152872.28 630000 2.0362 0.1357 0.4244 15 0.2427 0.4694 37.1810 
58 20-15-10 24 180000 12000 152872.28 630000 2.0362 0.1357 0.4244 15 0.2427 0.4793 37.0430 
59 20-15-11 54 180000 12000 181046.74 630000 2.0362 0.1357 0.4244 15 0.2874 0.3556 32.8020 
60 20-15-12 72 180000 12000 237395.65 630000 2.0362 0.1357 0.4244 15 0.3768 0.3098 29.7330 
61 20-20-01 6 240000 12000 87131.88 840000 2.7149 0.1357 0.3183 20 0.1037 0.5637 44.4910 
62 20-20-02 6 240000 12000 112800.00 840000 2.7149 0.1357 0.3183 20 0.1343 0.4567 42.2570 
63 20-20-03 2 240000 12000 96080.00 840000 2.7149 0.1357 0.3183 20 0.1144 0.4967 46.4980 
64 20-20-04 6 240000 12000 112800.00 840000 2.7149 0.1357 0.3183 20 0.1343 0.5415 35.2990 
65 20-20-05 12 240000 12000 118252.53 840000 2.7149 0.1357 0.3183 20 0.1408 0.4731 39.7650 
66 20-20-06 12 240000 12000 124697.83 840000 2.7149 0.1357 0.3183 20 0.1484 0.4781 40.7690 
67 20-20-07 12 240000 12000 124697.83 840000 2.7149 0.1357 0.3183 20 0.1484 0.4730 40.6060 
68 20-20-08 24 240000 12000 162263.77 840000 2.7149 0.1357 0.3183 20 0.1932 0.3827 36.6470 
69 20-20-09 24 240000 12000 199829.71 840000 2.7149 0.1357 0.3183 20 0.2379 0.4226 35.8710 
70 20-20-10 24 240000 12000 199829.71 840000 2.7149 0.1357 0.3183 20 0.2379 0.4267 35.4630 
71 20-20-11 54 240000 12000 237395.65 840000 2.7149 0.1357 0.3183 20 0.2826 0.3059 30.5950 












Volume (m3) FAR GSC OSR ST C SVF 
SkyEF 
(%) 
73 30-02-01 6 36000 18000 27201.74 126000 0.4072 0.2036 1.9556 2 0.2159 0.8811 45.5460 
74 30-02-02 6 36000 18000 28920.00 126000 0.4072 0.2036 1.9556 2 0.2295 0.8535 44.5570 
75 30-02-03 2 36000 18000 26520.00 126000 0.4072 0.2036 1.9556 2 0.2105 0.8927 43.6960 
76 30-02-04 6 36000 18000 30345.43 126000 0.4072 0.2036 1.9556 2 0.2408 0.8663 43.3250 
77 30-02-05 12 36000 18000 31013.22 126000 0.4072 0.2036 1.9556 2 0.2461 0.8059 43.9640 
78 30-02-06 12 36000 18000 31802.61 126000 0.4072 0.2036 1.9556 2 0.2524 0.8337 45.0650 
79 30-02-07 12 36000 18000 31802.61 126000 0.4072 0.2036 1.9556 2 0.2524 0.8652 45.2240 
80 30-02-08 24 36000 18000 36403.48 126000 0.4072 0.2036 1.9556 2 0.2889 0.8348 44.6980 
81 30-02-09 24 36000 18000 41004.35 126000 0.4072 0.2036 1.9556 2 0.3254 0.7489 43.6910 
82 30-02-10 24 36000 18000 41004.35 126000 0.4072 0.2036 1.9556 2 0.3254 0.8463 43.9800 
83 30-02-11 54 36000 18000 45605.22 126000 0.4072 0.2036 1.9556 2 0.3619 0.7580 43.3660 
84 30-02-12 72 36000 18000 54806.96 126000 0.4072 0.2036 1.9556 2 0.4350 0.7622 42.5800 
85 30-04-01 6 72000 18000 36403.48 252000 0.8145 0.2036 0.9778 4 0.1445 0.7889 45.9080 
86 30-04-02 6 72000 18000 39840.00 252000 0.8145 0.2036 0.9778 4 0.1581 0.7419 44.6110 
87 30-04-03 2 72000 18000 34920.00 252000 0.8145 0.2036 0.9778 4 0.1386 0.8187 45.2650 
88 30-04-04 6 72000 18000 42690.86 252000 0.8145 0.2036 0.9778 4 0.1694 0.7622 41.2150 
89 30-04-05 12 72000 18000 44026.45 252000 0.8145 0.2036 0.9778 4 0.1747 0.6948 42.1830 
90 30-04-06 12 72000 18000 45605.22 252000 0.8145 0.2036 0.9778 4 0.1810 0.7100 44.3750 
91 30-04-07 12 72000 18000 45605.22 252000 0.8145 0.2036 0.9778 4 0.1810 0.7481 44.5880 
92 30-04-08 24 72000 18000 54806.96 252000 0.8145 0.2036 0.9778 4 0.2175 0.6893 42.9950 
93 30-04-09 24 72000 18000 64008.69 252000 0.8145 0.2036 0.9778 4 0.2540 0.6257 41.3970 
94 30-04-10 24 72000 18000 64008.69 252000 0.8145 0.2036 0.9778 4 0.2540 0.7115 41.7200 
95 30-04-11 54 72000 18000 73210.43 252000 0.8145 0.2036 0.9778 4 0.2905 0.5903 39.6630 
96 30-04-12 72 72000 18000 91613.91 252000 0.8145 0.2036 0.9778 4 0.3635 0.5743 37.9740 
97 30-06-01 6 108000 18000 45605.22 378000 1.2217 0.2036 0.6519 6 0.1206 0.7057 45.6840 
98 30-06-02 6 108000 18000 50760.00 378000 1.2217 0.2036 0.6519 6 0.1343 0.6537 44.1970 
99 30-06-03 2 108000 18000 43320.00 378000 1.2217 0.2036 0.6519 6 0.1146 0.7500 46.0380 
100 30-06-04 6 108000 18000 55036.28 378000 1.2217 0.2036 0.6519 6 0.1456 0.6733 39.4370 
101 30-06-05 12 108000 18000 57039.67 378000 1.2217 0.2036 0.6519 6 0.1509 0.6194 40.5100 
102 30-06-06 12 108000 18000 59407.83 378000 1.2217 0.2036 0.6519 6 0.1572 0.6185 43.2730 
103 30-06-07 12 108000 18000 59407.83 378000 1.2217 0.2036 0.6519 6 0.1572 0.6495 43.5320 
104 30-06-08 24 108000 18000 73210.43 378000 1.2217 0.2036 0.6519 6 0.1937 0.5794 41.0080 
105 30-06-09 24 108000 18000 87013.04 378000 1.2217 0.2036 0.6519 6 0.2302 0.5533 39.2360 
106 30-06-10 24 108000 18000 87013.04 378000 1.2217 0.2036 0.6519 6 0.2302 0.6067 39.4660 
107 30-06-11 54 108000 18000 100815.65 378000 1.2217 0.2036 0.6519 6 0.2667 0.4870 36.2740 












Volume (m3) FAR GSC OSR ST C SVF 
SkyEF 
(%) 
109 30-10-01 6 180000 18000 64008.69 630000 2.0362 0.2036 0.3911 10 0.1016 0.6069 45.0120 
110 30-10-02 6 180000 18000 72600.00 630000 2.0362 0.2036 0.3911 10 0.1152 0.5496 43.3160 
111 30-10-03 2 180000 18000 60120.00 630000 2.0362 0.2036 0.3911 10 0.0954 0.6380 46.5740 
112 30-10-04 6 180000 18000 79727.14 630000 2.0362 0.2036 0.3911 10 0.1266 0.5744 37.5170 
113 30-10-05 12 180000 18000 83066.12 630000 2.0362 0.2036 0.3911 10 0.1319 0.5322 38.8450 
114 30-10-06 12 180000 18000 87013.04 630000 2.0362 0.2036 0.3911 10 0.1381 0.5206 41.6360 
115 30-10-07 12 180000 18000 87013.04 630000 2.0362 0.2036 0.3911 10 0.1381 0.5350 41.7530 
116 30-10-08 24 180000 18000 110017.39 630000 2.0362 0.2036 0.3911 10 0.1746 0.4574 38.2480 
117 30-10-09 24 180000 18000 133021.74 630000 2.0362 0.2036 0.3911 10 0.2111 0.4604 37.1440 
118 30-10-10 24 180000 18000 133021.74 630000 2.0362 0.2036 0.3911 10 0.2111 0.4909 36.9650 
119 30-10-11 54 180000 18000 156026.08 630000 2.0362 0.2036 0.3911 10 0.2477 0.3741 32.5510 
120 30-10-12 72 180000 18000 202034.78 630000 2.0362 0.2036 0.3911 10 0.3207 0.3420 29.8370 
121 30-15-01 6 270000 18000 87013.04 945000 3.0543 0.2036 0.2607 15 0.0921 0.5270 43.9260 
122 30-15-02 6 270000 18000 99900.00 945000 3.0543 0.2036 0.2607 15 0.1057 0.4657 42.0760 
123 30-15-03 2 270000 18000 81120.00 945000 3.0543 0.2036 0.2607 15 0.0858 0.5347 46.5150 
124 30-15-04 6 270000 18000 110590.71 945000 3.0543 0.2036 0.2607 15 0.1170 0.4939 35.5390 
125 30-15-05 12 270000 18000 115599.18 945000 3.0543 0.2036 0.2607 15 0.1223 0.4589 37.1930 
126 30-15-06 12 270000 18000 121519.56 945000 3.0543 0.2036 0.2607 15 0.1286 0.4431 39.8400 
127 30-15-07 12 270000 18000 121519.56 945000 3.0543 0.2036 0.2607 15 0.1286 0.4472 39.7360 
128 30-15-08 24 270000 18000 156026.08 945000 3.0543 0.2036 0.2607 15 0.1651 0.3715 35.4920 
129 30-15-09 24 270000 18000 190532.61 945000 3.0543 0.2036 0.2607 15 0.2016 0.3900 35.0950 
130 30-15-10 24 270000 18000 190532.61 945000 3.0543 0.2036 0.2607 15 0.2016 0.4070 34.5290 
131 30-15-11 54 270000 18000 225039.13 945000 3.0543 0.2036 0.2607 15 0.2381 0.2994 29.2300 
132 30-15-12 72 270000 18000 294052.17 945000 3.0543 0.2036 0.2607 15 0.3112 0.2693 26.2570 
133 30-20-01 6 360000 18000 110017.39 1260000 4.0724 0.2036 0.1956 20 0.0873 0.4761 42.9660 
134 30-20-02 6 360000 18000 127200.00 1260000 4.0724 0.2036 0.1956 20 0.1010 0.4131 41.0150 
135 30-20-03 2 360000 18000 102120.00 1260000 4.0724 0.2036 0.1956 20 0.0810 0.4657 46.2890 
136 30-20-04 6 360000 18000 141454.28 1260000 4.0724 0.2036 0.1956 20 0.1123 0.4430 34.0930 
137 30-20-05 12 360000 18000 148132.24 1260000 4.0724 0.2036 0.1956 20 0.1176 0.4104 35.9920 
138 30-20-06 12 360000 18000 156026.08 1260000 4.0724 0.2036 0.1956 20 0.1238 0.3926 38.4680 
139 30-20-07 12 360000 18000 156026.08 1260000 4.0724 0.2036 0.1956 20 0.1238 0.3899 38.1620 
140 30-20-08 24 360000 18000 202034.78 1260000 4.0724 0.2036 0.1956 20 0.1603 0.3206 33.4810 
141 30-20-09 24 360000 18000 248043.47 1260000 4.0724 0.2036 0.1956 20 0.1969 0.3469 33.6570 
142 30-20-10 24 360000 18000 248043.47 1260000 4.0724 0.2036 0.1956 20 0.1969 0.3552 32.7930 
143 30-20-11 54 360000 18000 294052.17 1260000 4.0724 0.2036 0.1956 20 0.2334 0.2574 27.0380 












Volume (m3) FAR GSC OSR ST C SVF 
SkyEF 
(%) 
145 40-02-01 6 48000 24000 34625.25 168000 0.5430 0.2715 1.3417 2 0.2061 0.8593 45.5460 
146 40-02-02 6 48000 24000 35760.00 168000 0.5430 0.2715 1.3417 2 0.2129 0.8348 44.5570 
147 40-02-03 2 48000 24000 32560.00 168000 0.5430 0.2715 1.3417 2 0.1938 0.8853 43.6960 
148 40-02-04 6 48000 24000 38255.27 168000 0.5430 0.2715 1.3417 2 0.2277 0.8222 43.3250 
149 40-02-05 12 48000 24000 39026.38 168000 0.5430 0.2715 1.3417 2 0.2323 0.7384 43.9640 
150 40-02-06 12 48000 24000 39937.88 168000 0.5430 0.2715 1.3417 2 0.2377 0.7937 45.0650 
151 40-02-07 12 48000 24000 39937.88 168000 0.5430 0.2715 1.3417 2 0.2377 0.8404 45.2240 
152 40-02-08 24 48000 24000 45250.51 168000 0.5430 0.2715 1.3417 2 0.2693 0.8081 44.6980 
153 40-02-09 24 48000 24000 50563.13 168000 0.5430 0.2715 1.3417 2 0.3010 0.6872 43.6910 
154 40-02-10 24 48000 24000 50563.13 168000 0.5430 0.2715 1.3417 2 0.3010 0.8233 43.9800 
155 40-02-11 54 48000 24000 55875.76 168000 0.5430 0.2715 1.3417 2 0.3326 0.7150 43.3660 
156 40-02-12 72 48000 24000 66501.01 168000 0.5430 0.2715 1.3417 2 0.3958 0.7244 42.5800 
157 40-04-01 6 96000 24000 45250.51 336000 1.0860 0.2715 0.6708 4 0.1347 0.7389 45.9080 
158 40-04-02 6 96000 24000 47520.00 336000 1.0860 0.2715 0.6708 4 0.1414 0.7059 44.6110 
159 40-04-03 2 96000 24000 40960.00 336000 1.0860 0.2715 0.6708 4 0.1219 0.8020 45.2650 
160 40-04-04 6 96000 24000 52510.55 336000 1.0860 0.2715 0.6708 4 0.1563 0.6863 45.2650 
161 40-04-05 12 96000 24000 54052.75 336000 1.0860 0.2715 0.6708 4 0.1609 0.6260 45.2650 
162 40-04-06 12 96000 24000 55875.76 336000 1.0860 0.2715 0.6708 4 0.1663 0.6433 44.3750 
163 40-04-07 12 96000 24000 55875.76 336000 1.0860 0.2715 0.6708 4 0.1663 0.6963 44.5880 
164 40-04-08 24 96000 24000 66501.01 336000 1.0860 0.2715 0.6708 4 0.1979 0.6415 42.9950 
165 40-04-09 24 96000 24000 77126.26 336000 1.0860 0.2715 0.6708 4 0.2295 0.5519 41.3970 
166 40-04-10 24 96000 24000 77126.26 336000 1.0860 0.2715 0.6708 4 0.2295 0.6630 41.7200 
167 40-04-11 54 96000 24000 87751.52 336000 1.0860 0.2715 0.6708 4 0.2612 0.5385 39.6630 
168 40-04-12 72 96000 24000 109002.02 336000 1.0860 0.2715 0.6708 4 0.3244 0.5278 37.9740 
169 40-06-01 6 144000 24000 55875.76 504000 1.6290 0.2715 0.4472 6 0.1109 0.6459 45.6840 
170 40-06-02 6 144000 24000 59280.00 504000 1.6290 0.2715 0.4472 6 0.1176 0.6148 44.1970 
171 40-06-03 2 144000 24000 49360.00 504000 1.6290 0.2715 0.4472 6 0.0979 0.7277 46.0380 
172 40-06-04 6 144000 24000 66765.82 504000 1.6290 0.2715 0.4472 6 0.1325 0.5967 39.4370 
173 40-06-05 12 144000 24000 69079.13 504000 1.6290 0.2715 0.4472 6 0.1371 0.5655 40.5100 
174 40-06-06 12 144000 24000 71813.64 504000 1.6290 0.2715 0.4472 6 0.1425 0.5511 43.2730 
175 40-06-07 12 144000 24000 71813.64 504000 1.6290 0.2715 0.4472 6 0.1425 0.5904 43.5320 
176 40-06-08 24 144000 24000 87751.52 504000 1.6290 0.2715 0.4472 6 0.1741 0.5270 41.0080 
177 40-06-09 24 144000 24000 103689.40 504000 1.6290 0.2715 0.4472 6 0.2057 0.4720 39.2360 
178 40-06-10 24 144000 24000 103689.40 504000 1.6290 0.2715 0.4472 6 0.2057 0.5544 39.4660 
179 40-06-11 54 144000 24000 119627.28 504000 1.6290 0.2715 0.4472 6 0.2374 0.4396 36.2740 












Volume (m3) FAR GSC OSR ST C SVF 
SkyEF 
(%) 
181 40-10-01 6 240000 24000 77126.26 840000 2.7149 0.2715 0.2683 10 0.0918 0.5281 45.0120 
182 40-10-02 6 240000 24000 82800.00 840000 2.7149 0.2715 0.2683 10 0.0986 0.5007 43.3160 
183 40-10-03 2 240000 24000 66160.00 840000 2.7149 0.2715 0.2683 10 0.0788 0.6040 46.5740 
184 40-10-04 6 240000 24000 95276.36 840000 2.7149 0.2715 0.2683 10 0.1134 0.4830 37.5170 
185 40-10-05 12 240000 24000 99131.88 840000 2.7149 0.2715 0.2683 10 0.1180 0.4773 38.8450 
186 40-10-06 12 240000 24000 103689.40 840000 2.7149 0.2715 0.2683 10 0.1234 0.4402 41.6360 
187 40-10-07 12 240000 24000 103689.40 840000 2.7149 0.2715 0.2683 10 0.1234 0.4624 41.7530 
188 40-10-08 24 240000 24000 130252.53 840000 2.7149 0.2715 0.2683 10 0.1551 0.4028 38.2480 
189 40-10-09 24 240000 24000 156815.66 840000 2.7149 0.2715 0.2683 10 0.1867 0.3787 37.1440 
190 40-10-10 24 240000 24000 156815.66 840000 2.7149 0.2715 0.2683 10 0.1867 0.4252 36.9650 
191 40-10-11 54 240000 24000 183378.79 840000 2.7149 0.2715 0.2683 10 0.2183 0.3304 32.5510 
192 40-10-12 72 240000 24000 236505.06 840000 2.7149 0.2715 0.2683 10 0.2816 0.3040 29.8370 
193 40-15-01 6 360000 24000 103689.40 1260000 4.0724 0.2715 0.1789 15 0.0823 0.4452 43.9260 
194 40-15-02 6 360000 24000 112200.00 1260000 4.0724 0.2715 0.1789 15 0.0890 0.4178 42.0760 
195 40-15-03 2 360000 24000 87160.00 1260000 4.0724 0.2715 0.1789 15 0.0692 0.5000 46.5150 
196 40-15-04 6 360000 24000 130914.55 1260000 4.0724 0.2715 0.1789 15 0.1039 0.4026 35.5390 
197 40-15-05 12 360000 24000 136697.83 1260000 4.0724 0.2715 0.1789 15 0.1085 0.4103 37.1930 
198 40-15-06 12 360000 24000 143534.10 1260000 4.0724 0.2715 0.1789 15 0.1139 0.3628 40.6390 
199 40-15-07 12 360000 24000 143534.10 1260000 4.0724 0.2715 0.1789 15 0.1139 0.3752 39.7360 
200 40-15-08 24 360000 24000 183378.79 1260000 4.0724 0.2715 0.1789 15 0.1455 0.3211 35.4920 
201 40-15-09 24 360000 24000 223223.49 1260000 4.0724 0.2715 0.1789 15 0.1772 0.3119 35.0950 
202 40-15-10 24 360000 24000 223223.49 1260000 4.0724 0.2715 0.1789 15 0.1772 0.3424 34.5290 
203 40-15-11 54 360000 24000 263068.19 1260000 4.0724 0.2715 0.1789 15 0.2088 0.2626 29.2300 
204 40-15-12 72 360000 24000 342757.59 1260000 4.0724 0.2715 0.1789 15 0.2720 0.2376 26.2570 
205 40-20-01 6 480000 24000 130252.53 1680000 5.4299 0.2715 0.1342 20 0.0775 0.3952 42.9660 
206 40-20-02 6 480000 24000 141600.00 1680000 5.4299 0.2715 0.1342 20 0.0843 0.3665 41.0150 
207 40-20-03 2 480000 24000 108160.00 1680000 5.4299 0.2715 0.1342 20 0.0644 0.4320 46.2890 
208 40-20-04 6 480000 24000 166552.73 1680000 5.4299 0.2715 0.1342 20 0.0991 0.3531 34.0930 
209 40-20-05 12 480000 24000 174263.77 1680000 5.4299 0.2715 0.1342 20 0.1037 0.3408 35.9920 
210 40-20-06 12 480000 24000 183378.79 1680000 5.4299 0.2715 0.1342 20 0.1092 0.3159 39.0970 
211 40-20-07 12 480000 24000 183378.79 1680000 5.4299 0.2715 0.1342 20 0.1092 0.3231 38.1620 
212 40-20-08 24 480000 24000 236505.06 1680000 5.4299 0.2715 0.1342 20 0.1408 0.2752 33.4810 
213 40-20-09 24 480000 24000 289631.32 1680000 5.4299 0.2715 0.1342 20 0.1724 0.2726 33.6870 
214 40-20-10 24 480000 24000 289631.32 1680000 5.4299 0.2715 0.1342 20 0.1724 0.2969 32.7930 
215 40-20-11 54 480000 24000 342757.59 1680000 5.4299 0.2715 0.1342 20 0.2040 0.2248 27.0380 












Volume (m3) FAR GSC OSR ST C SVF 
SkyEF 
(%) 
217 50-02-01 6 60000 30000 41879.39 210000 0.6787 0.3394 0.9733 2 0.1994 0.8311 45.0810 
218 50-02-02 6 60000 30000 42600.00 210000 0.6787 0.3394 0.9733 2 0.2029 0.8106 44.3720 
219 50-02-03 2 60000 30000 38600.00 210000 0.6787 0.3394 0.9733 2 0.1838 0.8767 43.5790 
220 50-02-04 6 60000 30000 45937.88 210000 0.6787 0.3394 0.9733 2 0.2188 0.7196 42.8010 
221 50-02-06 12 60000 30000 47819.09 210000 0.6787 0.3394 0.9733 2 0.2277 0.7461 44.0840 
222 50-02-07 12 60000 30000 47819.09 210000 0.6787 0.3394 0.9733 2 0.2277 0.8130 44.3870 
223 50-02-08 24 60000 30000 53758.79 210000 0.6787 0.3394 0.9733 2 0.2560 0.7774 43.0190 
224 50-02-09 24 60000 30000 59698.48 210000 0.6787 0.3394 0.9733 2 0.2843 0.5659 41.9480 
225 50-02-10 24 60000 30000 59698.48 210000 0.6787 0.3394 0.9733 2 0.2843 0.7963 42.5000 
226 50-02-11 54 60000 30000 65638.18 210000 0.6787 0.3394 0.9733 2 0.3126 0.6654 40.4480 
227 50-02-12 72 60000 30000 77517.58 210000 0.6787 0.3394 0.9733 2 0.3691 0.6726 39.7170 
228 50-04-01 6 120000 30000 53758.79 420000 1.3575 0.3394 0.4867 4 0.1280 0.6813 44.7790 
229 50-04-02 6 120000 30000 55200.00 420000 1.3575 0.3394 0.4867 4 0.1314 0.6600 44.0060 
230 50-04-03 2 120000 30000 47000.00 420000 1.3575 0.3394 0.4867 4 0.1119 0.7840 45.0730 
231 50-04-04 6 120000 30000 61875.76 420000 1.3575 0.3394 0.4867 4 0.1473 0.5804 39.8830 
232 50-04-06 12 120000 30000 65638.18 420000 1.3575 0.3394 0.4867 4 0.1563 0.5789 42.3100 
233 50-04-07 12 120000 30000 65638.18 420000 1.3575 0.3394 0.4867 4 0.1563 0.6419 42.5570 
234 50-04-08 24 120000 30000 77517.58 420000 1.3575 0.3394 0.4867 4 0.1846 0.5920 39.4620 
235 50-04-09 24 120000 30000 89396.97 420000 1.3575 0.3394 0.4867 4 0.2128 0.4556 38.2730 
236 50-04-10 24 120000 30000 89396.97 420000 1.3575 0.3394 0.4867 4 0.2128 0.6130 38.5960 
237 50-04-11 54 120000 30000 101276.36 420000 1.3575 0.3394 0.4867 4 0.2411 0.4933 34.4250 
238 50-04-12 72 120000 30000 125035.15 420000 1.3575 0.3394 0.4867 4 0.2977 0.4741 32.7160 
239 50-06-01 6 180000 30000 65638.18 630000 2.0362 0.3394 0.3244 6 0.1042 0.5765 44.0080 
240 50-06-02 6 180000 30000 67800.00 630000 2.0362 0.3394 0.3244 6 0.1076 0.5711 43.1540 
241 50-06-03 2 180000 30000 55400.00 630000 2.0362 0.3394 0.3244 6 0.0879 0.6895 45.7640 
242 50-06-04 6 180000 30000 77813.64 630000 2.0362 0.3394 0.3244 6 0.1235 0.4656 37.5800 
243 50-06-06 12 180000 30000 83457.27 630000 2.0362 0.3394 0.3244 6 0.1325 0.4804 40.3740 
244 50-06-07 12 180000 30000 83457.27 630000 2.0362 0.3394 0.3244 6 0.1325 0.5437 40.5700 
245 50-06-08 24 180000 30000 101276.36 630000 2.0362 0.3394 0.3244 6 0.1608 0.4946 36.3510 
246 50-06-09 24 180000 30000 119095.45 630000 2.0362 0.3394 0.3244 6 0.1890 0.3768 35.7340 
247 50-06-10 24 180000 30000 119095.45 630000 2.0362 0.3394 0.3244 6 0.1890 0.4974 35.7580 
248 50-06-11 54 180000 30000 136914.55 630000 2.0362 0.3394 0.3244 6 0.2173 0.3911 30.0140 













Volume (m3) FAR GSC OSR ST C SVF 
SkyEF 
(%) 
250 50-10-01 6 300000 30000 89396.97 1050000 3.3937 0.3394 0.1947 10 0.0851 0.4530 42.6460 
251 50-10-02 6 300000 30000 93000.00 1050000 3.3937 0.3394 0.1947 10 0.0886 0.4411 41.8130 
252 50-10-03 2 300000 30000 72200.00 1050000 3.3937 0.3394 0.1947 10 0.0688 0.5687 46.1750 
253 50-10-04 6 300000 30000 109689.40 1050000 3.3937 0.3394 0.1947 10 0.1045 0.3852 35.1500 
254 50-10-06 12 300000 30000 119095.45 1050000 3.3937 0.3394 0.1947 10 0.1134 0.3746 38.2140 
255 50-10-07 12 300000 30000 119095.45 1050000 3.3937 0.3394 0.1947 10 0.1134 0.3978 37.9790 
256 50-10-08 24 300000 30000 148793.94 1050000 3.3937 0.3394 0.1947 10 0.1417 0.3533 32.9390 
257 50-10-09 24 300000 30000 178492.42 1050000 3.3937 0.3394 0.1947 10 0.1700 0.3044 33.3590 
258 50-10-10 24 300000 30000 178492.42 1050000 3.3937 0.3394 0.1947 10 0.1700 0.3696 32.7110 
259 50-10-11 54 300000 30000 208190.91 1050000 3.3937 0.3394 0.1947 10 0.1983 0.2961 26.2950 
260 50-10-12 72 300000 30000 267587.88 1050000 3.3937 0.3394 0.1947 10 0.2548 0.2641 23.8730 
261 50-15-01 6 450000 30000 119095.45 1575000 5.0905 0.3394 0.1298 15 0.0756 0.3713 40.9380 
262 50-15-02 6 450000 30000 124500.00 1575000 5.0905 0.3394 0.1298 15 0.0790 0.3604 40.1400 
263 50-15-03 2 450000 30000 93200.00 1575000 5.0905 0.3394 0.1298 15 0.0592 0.5065 45.9800 
264 50-15-04 6 450000 30000 149534.10 1575000 5.0905 0.3394 0.1298 15 0.0949 0.3109 32.7350 
265 50-15-06 12 450000 30000 163643.18 1575000 5.0905 0.3394 0.1298 15 0.1039 0.3037 35.9460 
266 50-15-07 12 450000 30000 163643.18 1575000 5.0905 0.3394 0.1298 15 0.1039 0.3174 35.4440 
267 50-15-08 24 450000 30000 208190.91 1575000 5.0905 0.3394 0.1298 15 0.1322 0.2811 29.9580 
268 50-15-09 24 450000 30000 252738.64 1575000 5.0905 0.3394 0.1298 15 0.1605 0.2461 31.2570 
269 50-15-10 24 450000 30000 252738.64 1575000 5.0905 0.3394 0.1298 15 0.1605 0.2952 30.0480 
270 50-15-11 54 450000 30000 297286.36 1575000 5.0905 0.3394 0.1298 15 0.1888 0.2345 23.2030 
271 50-15-12 72 450000 30000 386381.82 1575000 5.0905 0.3394 0.1298 15 0.2453 0.2069 20.6690 
272 50-20-01 6 600000 30000 148793.94 2100000 6.7873 0.3394 0.0973 20 0.0709 0.3267 39.5990 
273 50-20-02 6 600000 30000 156000.00 2100000 6.7873 0.3394 0.0973 20 0.0743 0.3141 38.7930 
274 50-20-03 2 600000 30000 114200.00 2100000 6.7873 0.3394 0.0973 20 0.0544 0.3987 45.6610 
275 50-20-04 6 600000 30000 189378.79 2100000 6.7873 0.3394 0.0973 20 0.0902 0.2666 31.0110 
276 50-20-06 12 600000 30000 208190.91 2100000 6.7873 0.3394 0.0973 20 0.0991 0.2633 34.3700 
277 50-20-07 12 600000 30000 208190.91 2100000 6.7873 0.3394 0.0973 20 0.0991 0.2722 33.6150 
278 50-20-08 24 600000 30000 267587.88 2100000 6.7873 0.3394 0.0973 20 0.1274 0.2406 27.9470 
279 50-20-09 24 600000 30000 326984.85 2100000 6.7873 0.3394 0.0973 20 0.1557 0.2156 29.7460 
280 50-20-10 24 600000 30000 326984.85 2100000 6.7873 0.3394 0.0973 20 0.1557 0.2531 28.2780 
281 50-20-11 54 600000 30000 386381.82 2100000 6.7873 0.3394 0.0973 20 0.1840 0.2020 21.3590 













Volume (m3) FAR GSC OSR ST C SVF 
SkyEF 
(%) 
283 60-02-01 6 72000 36000 49013.22 252000 0.8145 0.4072 0.7278 2 0.1945 0.7941 44.6350 
284 60-02-02 6 72000 36000 49440.00 252000 0.8145 0.4072 0.7278 2 0.1962 0.7844 43.5220 
285 60-02-03 2 72000 36000 44640.00 252000 0.8145 0.4072 0.7278 2 0.1771 0.8667 43.5120 
286 60-02-06 12 72000 36000 55519.84 252000 0.8145 0.4072 0.7278 2 0.2203 0.6933 43.3160 
287 60-02-07 12 72000 36000 55519.84 252000 0.8145 0.4072 0.7278 2 0.2203 0.7750 43.6590 
288 60-02-08 24 72000 36000 62026.45 252000 0.8145 0.4072 0.7278 2 0.2461 0.7463 41.4340 
289 60-02-09 24 72000 36000 68533.06 252000 0.8145 0.4072 0.7278 2 0.2720 0.6140 40.7390 
290 60-02-10 24 72000 36000 68533.06 252000 0.8145 0.4072 0.7278 2 0.2720 0.7620 41.3440 
291 60-02-11 54 72000 36000 75039.67 252000 0.8145 0.4072 0.7278 2 0.2978 0.6187 37.8470 
292 60-02-12 72 72000 36000 88052.90 252000 0.8145 0.4072 0.7278 2 0.3494 0.6344 37.7920 
293 60-04-01 6 144000 36000 62026.45 504000 1.6290 0.4072 0.3639 4 0.1231 0.6167 43.8700 
294 60-04-02 6 144000 36000 62880 504000 1.6290 0.4072 0.3639 4 0.1248 0.6070 43.6250 
295 60-04-03 2 144000 36000 53040 504000 1.6290 0.4072 0.3639 4 0.1052 0.7573 44.9440 
296 60-04-06 12 144000 36000 75039.67 504000 1.6290 0.4072 0.3639 4 0.1489 0.5189 40.8370 
297 60-04-07 12 144000 36000 75039.67 504000 1.6290 0.4072 0.3639 4 0.1489 0.5815 41.1340 
298 60-04-08 24 144000 36000 88052.9 504000 1.6290 0.4072 0.3639 4 0.1747 0.5437 36.9050 
299 60-04-09 24 144000 36000 101066.12 504000 1.6290 0.4072 0.3639 4 0.2005 0.4561 36.4950 
300 60-04-10 24 144000 36000 101066.12 504000 1.6290 0.4072 0.3639 4 0.2005 0.5578 36.5520 
301 60-04-11 54 144000 36000 114079.34 504000 1.6290 0.4072 0.3639 4 0.2263 0.4519 30.6860 
302 60-04-12 72 144000 36000 140105.79 504000 1.6290 0.4072 0.3639 4 0.2780 0.4396 29.7060 
303 60-06-01 6 216000 36000 75039.67 756000 2.4434 0.4072 0.2426 6 0.0993 0.5046 42.7690 
304 60-06-02 6 216000 36000 76320 756000 2.4434 0.4072 0.2426 6 0.1010 0.4954 42.5730 
305 60-06-03 2 216000 36000 61440 756000 2.4434 0.4072 0.2426 6 0.0813 0.6600 45.5570 
306 60-06-06 12 216000 36000 94559.51 756000 2.4434 0.4072 0.2426 6 0.1251 0.4231 38.5890 
307 60-06-07 12 216000 36000 94559.51 756000 2.4434 0.4072 0.2426 6 0.1251 0.4622 38.6420 
308 60-06-08 24 216000 36000 114079.34 756000 2.4434 0.4072 0.2426 6 0.1509 0.4274 33.3320 
309 60-06-09 24 216000 36000 133599.18 756000 2.4434 0.4072 0.2426 6 0.1767 0.3742 33.7390 
310 60-06-10 24 216000 36000 133599.18 756000 2.4434 0.4072 0.2426 6 0.1767 0.4381 33.4480 
311 60-06-11 54 216000 36000 153119.02 756000 2.4434 0.4072 0.2426 6 0.2025 0.3607 26.3370 













Volume (m3) FAR GSC OSR ST C SVF 
SkyEF 
(%) 
313 60-10-01 6 360000 36000 101066.12 1260000 4.0724 0.4072 0.1456 10 0.0802 0.3815 40.9780 
314 60-10-02 6 360000 36000 103200 1260000 4.0724 0.4072 0.1456 10 0.0819 0.3733 40.9190 
315 60-10-03 2 360000 36000 78240 1260000 4.0724 0.4072 0.1456 10 0.0621 0.5253 45.8970 
316 60-10-06 12 360000 36000 133599.18 1260000 4.0724 0.4072 0.1456 10 0.1060 0.3209 36.1740 
317 60-10-07 12 360000 36000 133599.18 1260000 4.0724 0.4072 0.1456 10 0.1060 0.3402 35.7600 
318 60-10-08 24 360000 36000 166132.24 1260000 4.0724 0.4072 0.1456 10 0.1319 0.3130 29.9390 
319 60-10-09 24 360000 36000 198665.3 1260000 4.0724 0.4072 0.1456 10 0.1577 0.2829 31.4530 
320 60-10-10 24 360000 36000 198665.3 1260000 4.0724 0.4072 0.1456 10 0.1577 0.3187 30.3310 
321 60-10-11 54 360000 36000 231198.36 1260000 4.0724 0.4072 0.1456 10 0.1835 0.2656 22.9450 
322 60-10-12 72 360000 36000 296264.48 1260000 4.0724 0.4072 0.1456 10 0.2351 0.2426 21.1360 
323 60-15-01 6 540000 36000 133599.18 1890000 6.1086 0.4072 0.0970 15 0.0707 0.3074 39.0420 
324 60-15-02 6 540000 36000 136800 1890000 6.1086 0.4072 0.0970 15 0.0724 0.2989 38.9990 
325 60-15-03 2 540000 36000 99240 1890000 6.1086 0.4072 0.0970 15 0.0525 0.4237 45.6100 
326 60-15-06 12 540000 36000 182398.77 1890000 6.1086 0.4072 0.0970 15 0.0965 0.2559 33.8860 
327 60-15-07 12 540000 36000 182398.77 1890000 6.1086 0.4072 0.0970 15 0.0965 0.2678 33.0440 
328 60-15-08 24 540000 36000 231198.36 1890000 6.1086 0.4072 0.0970 15 0.1223 0.2476 27.0490 
329 60-15-09 24 540000 36000 279997.95 1890000 6.1086 0.4072 0.0970 15 0.1481 0.2260 29.3470 
330 60-15-10 24 540000 36000 279997.95 1890000 6.1086 0.4072 0.0970 15 0.1481 0.2496 27.6670 
331 60-15-11 54 540000 36000 328797.54 1890000 6.1086 0.4072 0.0970 15 0.1740 0.2109 20.2990 
332 60-15-12 72 540000 36000 426396.72 1890000 6.1086 0.4072 0.0970 15 0.2256 0.1876 18.2330 
333 60-20-01 6 720000 36000 166132.24 2520000 8.1448 0.4072 0.0728 20 0.0659 0.2674 37.5640 
334 60-20-02 6 720000 36000 170400 2520000 8.1448 0.4072 0.0728 20 0.0676 0.2591 37.5460 
335 60-20-03 2 720000 36000 120240 2520000 8.1448 0.4072 0.0728 20 0.0477 0.3660 45.2280 
336 60-20-06 12 720000 36000 231198.36 2520000 8.1448 0.4072 0.0728 20 0.0917 0.2224 32.3020 
337 60-20-07 12 720000 36000 231198.36 2520000 8.1448 0.4072 0.0728 20 0.0917 0.2283 31.1980 
338 60-20-08 24 720000 36000 296264.48 2520000 8.1448 0.4072 0.0728 20 0.1176 0.2133 25.1710 
339 60-20-09 24 720000 36000 361330.6 2520000 8.1448 0.4072 0.0728 20 0.1434 0.1955 27.9360 
340 60-20-10 24 720000 36000 361330.6 2520000 8.1448 0.4072 0.0728 20 0.1434 0.2148 25.9410 
341 60-20-11 54 720000 36000 426396.72 2520000 8.1448 0.4072 0.0728 20 0.1692 0.1809 18.6760 













Volume (m3) FAR GSC OSR ST C SVF 
SkyEF 
(%) 
343 70-02-01 6 84000 42000 56055.89 294000 0.9502 0.4751 0.5524 2 0.1907 0.7400 43.9680 
344 70-02-02 6 84000 42000 56280 294000 0.9502 0.4751 0.5524 2 0.1914 0.7530 43.5220 
345 70-02-03 2 84000 42000 50680 294000 0.9502 0.4751 0.5524 2 0.1724 0.8500 43.3820 
346 70-02-06 12 84000 42000 63083.83 294000 0.9502 0.4751 0.5524 2 0.2146 0.6311 42.1670 
347 70-02-07 12 84000 42000 63083.83 294000 0.9502 0.4751 0.5524 2 0.2146 0.7256 42.4920 
348 70-02-08 24 84000 42000 70111.78 294000 0.9502 0.4751 0.5524 2 0.2385 0.7048 38.6270 
349 70-02-09 24 84000 42000 77139.72 294000 0.9502 0.4751 0.5524 2 0.2624 0.5656 38.9940 
350 70-02-10 24 84000 42000 77139.72 294000 0.9502 0.4751 0.5524 2 0.2624 0.7148 39.4120 
351 70-02-11 54 84000 42000 84167.67 294000 0.9502 0.4751 0.5524 2 0.2863 0.5895 33.5040 
352 70-02-12 72 84000 42000 98223.55 294000 0.9502 0.4751 0.5524 2 0.3341 0.5993 34.7020 
353 70-04-01 6 168000 42000 70111.78 588000 1.9005 0.4751 0.2762 4 0.1192 0.5406 42.6730 
354 70-04-02 6 168000 42000 70560.00 588000 1.9005 0.4751 0.2762 4 0.1200 0.5496 43.0660 
355 70-04-03 2 168000 42000 59080.00 588000 1.9005 0.4751 0.2762 4 0.1005 0.7167 44.7060 
356 70-04-06 12 168000 42000 84167.67 588000 1.9005 0.4751 0.2762 4 0.1431 0.4600 38.8300 
357 70-04-07 12 168000 42000 84167.67 588000 1.9005 0.4751 0.2762 4 0.1431 0.5143 39.0230 
358 70-04-08 24 168000 42000 98223.55 588000 1.9005 0.4751 0.2762 4 0.1670 0.4915 33.0250 
359 70-04-09 24 168000 42000 112279.44 588000 1.9005 0.4751 0.2762 4 0.1910 0.4144 34.3680 
360 70-04-10 24 168000 42000 112279.44 588000 1.9005 0.4751 0.2762 4 0.1910 0.4937 34.1430 
361 70-04-11 54 168000 42000 126335.33 588000 1.9005 0.4751 0.2762 4 0.2149 0.4167 25.9230 
362 70-04-12 72 168000 42000 154447.11 588000 1.9005 0.4751 0.2762 4 0.2627 0.3957 26.1080 
363 70-06-01 6 252000 42000 84167.67 882000 2.8507 0.4751 0.1841 6 0.0954 0.4296 41.1250 
364 70-06-02 6 252000 42000 84840 882000 2.8507 0.4751 0.1841 6 0.0962 0.4326 41.6680 
365 70-06-03 2 252000 42000 67480 882000 2.8507 0.4751 0.1841 6 0.0765 0.6127 45.2960 
366 70-06-06 12 252000 42000 105251.5 882000 2.8507 0.4751 0.1841 6 0.1193 0.3676 36.3470 
367 70-06-07 12 252000 42000 105251.5 882000 2.8507 0.4751 0.1841 6 0.1193 0.4002 36.0540 
368 70-06-08 24 252000 42000 126335.33 882000 2.8507 0.4751 0.1841 6 0.1432 0.3804 29.3210 
369 70-06-09 24 252000 42000 147419.16 882000 2.8507 0.4751 0.1841 6 0.1671 0.3352 31.5720 
370 70-06-10 24 252000 42000 147419.16 882000 2.8507 0.4751 0.1841 6 0.1671 0.3785 30.6430 
371 70-06-11 54 252000 42000 168503 882000 2.8507 0.4751 0.1841 6 0.1910 0.3301 21.8670 













Volume (m3) FAR GSC OSR ST C SVF 
SkyEF 
(%) 
373 70-10-01 6 420000 42000 112279.44 1470000 4.7511 0.4751 0.1105 10 0.0764 0.3189 39.0590 
374 70-10-02 6 420000 42000 113400 1470000 4.7511 0.4751 0.1105 10 0.0771 0.3148 39.7050 
375 70-10-03 2 420000 42000 84280 1470000 4.7511 0.4751 0.1105 10 0.0573 0.4740 45.4990 
376 70-10-06 12 420000 42000 147419.16 1470000 4.7511 0.4751 0.1105 10 0.1003 0.2730 33.8840 
377 70-10-07 12 420000 42000 147419.16 1470000 4.7511 0.4751 0.1105 10 0.1003 0.2861 33.0180 
378 70-10-08 24 420000 42000 182558.88 1470000 4.7511 0.4751 0.1105 10 0.1242 0.2757 26.3270 
379 70-10-09 24 420000 42000 217698.61 1470000 4.7511 0.4751 0.1105 10 0.1481 0.2479 29.4320 
380 70-10-10 24 420000 42000 217698.61 1470000 4.7511 0.4751 0.1105 10 0.1481 0.2683 27.5780 
381 70-10-11 54 420000 42000 252838.33 1470000 4.7511 0.4751 0.1105 10 0.1720 0.2403 19.2720 
382 70-10-12 72 420000 42000 323117.77 1470000 4.7511 0.4751 0.1105 10 0.2198 0.2153 18.0670 
383 70-15-01 6 630000 42000 147419.16 2205000 7.1267 0.4751 0.0737 15 0.0669 0.2546 36.9520 
384 70-15-02 6 630000 42000 149100 2205000 7.1267 0.4751 0.0737 15 0.0676 0.2498 37.5810 
385 70-15-03 2 630000 42000 105280 2205000 7.1267 0.4751 0.0737 15 0.0477 0.3797 45.1060 
386 70-15-06 12 630000 42000 200128.75 2205000 7.1267 0.4751 0.0737 15 0.0908 0.2178 31.6840 
387 70-15-07 12 630000 42000 200128.75 2205000 7.1267 0.4751 0.0737 15 0.0908 0.2267 30.3310 
388 70-15-08 24 630000 42000 252838.33 2205000 7.1267 0.4751 0.0737 15 0.1147 0.2165 23.7980 
389 70-15-09 24 630000 42000 305547.91 2205000 7.1267 0.4751 0.0737 15 0.1386 0.1958 27.4350 
390 70-15-10 24 630000 42000 305547.91 2205000 7.1267 0.4751 0.0737 15 0.1386 0.2104 25.0080 
391 70-15-11 54 630000 42000 358257.49 2205000 7.1267 0.4751 0.0737 15 0.1625 0.1929 17.1820 
392 70-15-12 72 630000 42000 463676.65 2205000 7.1267 0.4751 0.0737 15 0.2103 0.1727 15.5870 
393 70-20-01 6 840000 42000 182558.88 2940000 9.5023 0.4751 0.0552 20 0.0621 0.2207 35.4640 
394 70-20-02 6 840000 42000 184800 2940000 9.5023 0.4751 0.0552 20 0.0629 0.2156 36.0530 
395 70-20-03 2 840000 42000 126280 2940000 9.5023 0.4751 0.0552 20 0.0430 0.3273 44.6550 
396 70-20-06 12 840000 42000 252838.33 2940000 9.5023 0.4751 0.0552 20 0.0860 0.1894 30.1620 
397 70-20-07 12 840000 42000 252838.33 2940000 9.5023 0.4751 0.0552 20 0.0860 0.1924 28.5680 
398 70-20-08 24 840000 42000 323117.77 2940000 9.5023 0.4751 0.0552 20 0.1099 0.1878 22.2170 
399 70-20-09 24 840000 42000 393397.21 2940000 9.5023 0.4751 0.0552 20 0.1338 0.1701 26.1170 
400 70-20-10 24 840000 42000 393397.21 2940000 9.5023 0.4751 0.0552 20 0.1338 0.1806 23.4400 
401 70-20-11 54 840000 42000 463676.65 2940000 9.5023 0.4751 0.0552 20 0.1577 0.1638 15.9480 













Volume (m3) FAR GSC OSR ST C SVF 
SkyEF 
(%) 
403 80-02-01 6 96000 48000 63026.38 336000 1.0860 0.5430 0.4208 2 0.1876 0.6509 42.9900 
404 80-02-02 6 96000 48000 63120.00 336000 1.0860 0.5430 0.4208 2 0.1879 0.7056 43.5200 
405 80-02-03 2 96000 48000 56720.00 336000 1.0860 0.5430 0.4208 2 0.1688 0.8247 43.2300 
406 80-02-06 12 96000 48000 70539.57 336000 1.0860 0.5430 0.4208 2 0.2099 0.5784 40.3300 
407 80-02-07 12 96000 48000 70539.57 336000 1.0860 0.5430 0.4208 2 0.2099 0.6493 40.5800 
408 80-02-08 24 96000 48000 78052.75 336000 1.0860 0.5430 0.4208 2 0.2323 0.5896 36.3100 
409 80-02-09 24 96000 48000 85565.94 336000 1.0860 0.5430 0.4208 2 0.2547 0.5135 36.6460 
410 80-02-10 24 96000 48000 85565.94 336000 1.0860 0.5430 0.4208 2 0.2547 0.6335 36.6600 
411 80-02-11 54 96000 48000 93079.13 336000 1.0860 0.5430 0.4208 2 0.2770 0.5588 32.1830 
412 80-02-12 72 96000 48000 108105.51 336000 1.0860 0.5430 0.4208 2 0.3217 0.5364 30.5770 
413 80-04-01 6 192000 48000 78052.75 672000 2.1719 0.5430 0.2104 4 0.1161 0.4563 40.7300 
414 80-04-02 6 192000 48000 78240.00 672000 2.1719 0.5430 0.2104 4 0.1164 0.4815 41.9800 
415 80-04-03 2 192000 48000 65120.00 672000 2.1719 0.5430 0.2104 4 0.0969 0.6647 44.4500 
416 80-04-06 12 192000 48000 93079.13 672000 2.1719 0.5430 0.2104 4 0.1385 0.4007 36.2630 
417 80-04-07 12 192000 48000 93079.13 672000 2.1719 0.5430 0.2104 4 0.1385 0.4381 35.8800 
418 80-04-08 24 192000 48000 108105.51 672000 2.1719 0.5430 0.2104 4 0.1609 0.4026 29.6200 
419 80-04-09 24 192000 48000 123131.88 672000 2.1719 0.5430 0.2104 4 0.1832 0.3690 31.7140 
420 80-04-10 24 192000 48000 123131.88 672000 2.1719 0.5430 0.2104 4 0.1832 0.4163 30.6400 
421 80-04-11 54 192000 48000 138158.26 672000 2.1719 0.5430 0.2104 4 0.2056 0.3736 24.1070 
422 80-04-12 72 192000 48000 168211.01 672000 2.1719 0.5430 0.2104 4 0.2503 0.3515 21.8120 
423 80-06-01 6 288000 48000 93079.13 1008000 3.2579 0.5430 0.1403 6 0.0923 0.3548 38.7000 
424 80-06-02 6 288000 48000 93360.00 1008000 3.2579 0.5430 0.1403 6 0.0926 0.3656 40.2500 
425 80-06-03 2 288000 48000 73520.00 1008000 3.2579 0.5430 0.1403 6 0.0729 0.5520 44.8900 
426 80-06-06 12 288000 48000 115618.70 1008000 3.2579 0.5430 0.1403 6 0.1147 0.3148 33.5650 
427 80-06-07 12 288000 48000 115618.70 1008000 3.2579 0.5430 0.1403 6 0.1147 0.3348 32.5600 
428 80-06-08 24 288000 48000 138158.26 1008000 3.2579 0.5430 0.1403 6 0.1371 0.3100 25.8200 
429 80-06-09 24 288000 48000 160697.83 1008000 3.2579 0.5430 0.1403 6 0.1594 0.3603 29.0510 
430 80-06-10 24 288000 48000 160697.83 1008000 3.2579 0.5430 0.1403 6 0.1594 0.3156 26.9400 
431 80-06-11 54 288000 48000 183237.39 1008000 3.2579 0.5430 0.1403 6 0.1818 0.2861 19.9700 













Volume (m3) FAR GSC OSR ST C SVF 
SkyEF 
(%) 
433 80-10-01 6 480000 48000 123131.88 1680000 5.4299 0.5430 0.0842 10 0.0733 0.2585 36.5300 
434 80-10-02 6 480000 48000 123600.00 1680000 5.4299 0.5430 0.0842 10 0.0736 0.2611 37.9200 
435 80-10-03 2 480000 48000 90320.00 1680000 5.4299 0.5430 0.0842 10 0.0538 0.4140 44.9900 
436 80-10-06 12 480000 48000 160697.83 1680000 5.4299 0.5430 0.0842 10 0.0957 0.2297 31.2880 
437 80-10-07 12 480000 48000 160697.83 1680000 5.4299 0.5430 0.0842 10 0.0957 0.2393 29.6500 
438 80-10-08 24 480000 48000 198263.77 1680000 5.4299 0.5430 0.0842 10 0.1180 0.2237 23.0800 
439 80-10-09 24 480000 48000 235829.71 1680000 5.4299 0.5430 0.0842 10 0.1404 0.2127 27.1730 
440 80-10-10 24 480000 48000 235829.71 1680000 5.4299 0.5430 0.0842 10 0.1404 0.2226 24.2400 
441 80-10-11 54 480000 48000 273395.65 1680000 5.4299 0.5430 0.0842 10 0.1627 0.2055 17.5240 
442 80-10-12 72 480000 48000 348527.54 1680000 5.4299 0.5430 0.0842 10 0.2075 0.1884 14.9980 
443 80-15-01 6 720000 48000 160697.83 2520000 8.1448 0.5430 0.0561 15 0.0638 0.2044 34.4800 
444 80-15-02 6 720000 48000 161400.00 2520000 8.1448 0.5430 0.0561 15 0.0640 0.2056 35.6500 
445 80-15-03 2 720000 48000 111320.00 2520000 8.1448 0.5430 0.0561 15 0.0442 0.3340 44.4700 
446 80-15-06 12 720000 48000 217046.74 2520000 8.1448 0.5430 0.0561 15 0.0861 0.1630 29.1900 
447 80-15-07 12 720000 48000 217046.74 2520000 8.1448 0.5430 0.0561 15 0.0861 0.1904 27.2000 
448 80-15-08 24 720000 48000 273395.65 2520000 8.1448 0.5430 0.0561 15 0.1085 0.1785 20.9400 
449 80-15-09 24 720000 48000 329744.57 2520000 8.1448 0.5430 0.0561 15 0.1309 0.1593 25.4400 
450 80-15-10 24 720000 48000 329744.57 2520000 8.1448 0.5430 0.0561 15 0.1309 0.1774 22.0300 
451 80-15-11 54 720000 48000 386093.48 2520000 8.1448 0.5430 0.0561 15 0.1532 0.1422 15.5600 
452 80-15-12 72 720000 48000 498791.30 2520000 8.1448 0.5430 0.0561 15 0.1979 0.1337 13.1100 
453 80-20-01 6 960000 48000 198263.77 3360000 10.8597 0.5430 0.0421 20 0.0590 0.1774 33.0300 
454 80-20-02 6 960000 48000 199200.00 3360000 10.8597 0.5430 0.0421 20 0.0593 0.1793 34.1000 
455 80-20-03 2 960000 48000 132320.00 3360000 10.8597 0.5430 0.0421 20 0.0394 0.2873 43.9500 
456 80-20-06 12 960000 48000 273395.65 3360000 10.8597 0.5430 0.0421 20 0.0814 0.1567 27.8120 
457 80-20-07 12 960000 48000 273395.65 3360000 10.8597 0.5430 0.0421 20 0.0814 0.1611 25.6700 
458 80-20-08 24 960000 48000 348527.54 3360000 10.8597 0.5430 0.0421 20 0.1037 0.1556 19.6100 
459 80-20-09 24 960000 48000 423659.42 3360000 10.8597 0.5430 0.0421 20 0.1261 0.1478 24.2890 
460 80-20-10 24 960000 48000 423659.42 3360000 10.8597 0.5430 0.0421 20 0.1261 0.1522 20.7100 
461 80-20-11 54 960000 48000 498791.30 3360000 10.8597 0.5430 0.0421 20 0.1484 0.1413 14.4860 




12.5 Compilation of monthly dry bulb temperature from Changi MET station (Singapore). 
Hour  JAN  FEB  MAR  APR  MAY  JUNE  JUL  AUG  SEP  OCT  NOV  DEC 
1  25.16  25.58  26.11  26.69  27.15  27.25  26.92  26.79  26.51  26.26  25.65  25.15 
2  24.99  25.39  25.92  26.47  26.95  27.08  26.74  26.66  26.29  26.09  25.49  25.01 
3  24.85  25.23  25.75  26.31  26.77  26.92  26.58  26.50  26.11  25.85  25.32  24.88 
4  24.72  25.10  25.61  26.13  26.59  26.76  26.43  26.39  25.99  25.69  25.19  24.77 
5  24.62  24.97  25.49  26.00  26.44  26.65  26.30  26.29  25.85  25.52  25.07  24.68 
6  24.54  24.88  25.36  25.87  26.31  26.53  26.21  26.17  25.71  25.37  24.94  24.61 
7  24.49  24.82  25.27  25.76  26.22  26.45  26.15  26.13  25.66  25.26  24.86  24.52 
8  24.72  25.06  25.65  26.28  26.83  26.94  26.53  26.49  26.11  25.92  25.52  24.89 
9  25.87  26.37  27.11  27.77  28.23  28.18  27.68  27.60  27.31  27.34  26.83  25.97 
10  27.02  27.68  28.35  28.96  29.20  29.06  28.52  28.42  28.28  28.54  27.95  26.98 
11  27.97  28.78  29.30  29.81  29.83  29.68  29.12  29.08  28.98  29.28  28.76  27.81 
12  28.64  29.69  30.09  30.38  30.24  30.12  29.56  29.53  29.52  29.85  29.35  28.42 
13  29.06  30.25  30.38  30.60  30.45  30.35  29.70  29.74  29.69  29.91  29.53  28.73 
14  29.18  30.48  30.40  30.61  30.40  30.39  29.87  29.74  29.70  29.96  29.42  28.74 
15  29.10  30.28  30.20  30.42  30.17  30.35  29.80  29.69  29.66  29.85  29.25  28.56 
16  28.82  29.88  29.91  30.05  29.85  30.12  29.62  29.45  29.42  29.56  28.80  28.23 
17  28.31  29.21  29.42  29.58  29.52  29.83  29.36  29.15  29.12  29.15  28.35  27.74 
18  27.60  28.38  28.66  28.90  29.08  29.30  28.87  28.66  28.56  28.53  27.70  27.10 
19  26.80  27.44  27.79  28.12  28.41  28.59  28.20  28.03  27.88  27.78  26.99  26.45 
20  26.23  26.70  27.11  27.56  27.94  28.06  27.65  27.52  27.39  27.29  26.55  26.02 
21  25.92  26.34  26.79  27.30  27.71  27.76  27.44  27.29  27.18  27.01  26.30  25.76 
22  25.68  26.12  26.60  27.15  27.56  27.63  27.30  27.17  27.01  26.79  26.14  25.56 
23  25.50  25.91  26.46  26.99  27.46  27.53  27.22  27.07  26.90  26.61  25.99  25.40 
24  25.32  25.73  26.28  26.84  27.32  27.41  27.08  26.94  26.72  26.44  25.81  25.26 
(in degree Celsius)
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12.6 Buildings Envelope Data 
27 different envelope combination based on survey of buildings around central 







(outside- inside) WWR 
5mm alum panel,  75mm 
insulation, 100mm air gap, 
20mm plaster board, U 
value = 0.386 
8mm anti-sun float bronze, 
12mm airspace, 6mm 
clear float, U value = 
2.930, SC = 0.37 
12.5mm roof gravel, 
9.5mm built up roofing, 
50mm polystyrene 
insulation, 150mm 
concrete slab, 102mm air 
layer, 13mm acoustic tile, 
U-value = 0.637 
0.40 
478mm glass sheet, 
130mm air gap, 75mm 
glass wool, 18mm plaster 
gypsum, U value = 0.331 
8mm grey tinted low-E 
heat strengthened, 12mm 
airspace, 8mm clear heat 
strengthened, U value= 
1.412, SC = 0.29 
12mm tiles, 25mm screed, 
50mm vermiculite, 50mm 
screed, 300mm concrete, 
U-value = 0.771 
0.37 
30mm Aluminium 
cladding, 50mm air gap, 
350mm concrete wall, 
20mm plaster-
cement/sand, U value = 
1.817 
6mm clear float, 12mm 
airspace, 6mm clear float, 
U-value= 3.005, SC= 0.31 
75mm Precast slab, 25mm 
polystyrene insulation, 
150mm concrete, U-value 
= 0.862 
0.52 
6mm Single glaze glass, 
110mm air gap, 1.2mm 
Aluminium Back panel, 
50mm Rockwool, U-
value= 0.567 
6mm/ 12mm air gap/ 6mm 
double glaze glass, U-
value = 1.636, SC= 0.27 
12.5mm roof gravel, 
9.5mm built up roofing, 
50mm polystyrene 
insulation, 150mm 
concrete slab, 102mm air 
layer, 13mm acoustic tile, 
U-value = 0.637 
0.57 
6mm Single Glaze glass, 
70mm air gap, 1.2mm 
Aluminium Back panel, 
50mm Rockwool, 200mm 
air gap, 100mm Light 
weight concrete, 200mm 
air gap, 50mm rockwool, 
12mm gypsum board, 
3mm timber panelling, U-
value= 0.145 
6mm/ 12mm air gap/10mm 
double glaze glass, U-
value = 1.636, SC= 0.38 
12.5mm roof gravel, 
9.5mm built up roofing, 
50mm polystyrene 
insulation, 150mm 
concrete slab, 102mm air 
layer, 13mm acoustic tile, 
U-value = 0.637 
0.57 
8mm glass, 122mm air 
gap, 1.5mm Aluminium 
backpan, 50mm rockwool 
insulation with aluminium 
foil, U-value = 0.390 
VRE 19-54 Glass (all 
vision) 6mm crystal gray, 
12mm air gap, 6mm clear, 
U-value =1.50, SC= 0.3 
50mm cement plaster, 
50mm polystyrene, 50mm 
cement plaster, 200mm 
RC, U-value = 0.541 
0.58 
1.2mm Galvanised Steel 
Sheet, 50mm Rockwool, 
U-value = 0.626 
6mm tinted glass, 12mm 
air gap, 6mm tinted glass, 
U-value= 1.683, SC = 0.33 
12.5mm roof gravel, 
9.5mm built up roofing, 
50mm polystyrene 
insulation, 150mm 
concrete slab, 102mm air 
layer, 13mm acoustic tile, 
U-value = 0.637 
0.53 
20mm plaster, 230mm 
Brickwall, 20mm plaster, 
U-value= 1.887 
6mm/12mm air gap/6mm 
double glazing, U-value= 
1.683, SC = 0.33 
50mm cement/sand panel 
roofing, 50mm polytyrene 
insulation, 25mm 
cement/sand screed, 
130mm RC slab, U-value 
= 0.547 
0.40 
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6mm glass sheet, 20mm 
air gap, 20mm plaster, 
100mm Brickwall, 20mm 
plaster, U-value= 2.060 
6mm/12mm air gap/6mm 
double glazing, U-value= 
1.683, SC = 0.33 
50mm cement/sand panel 
roofing, 50mm polytyrene 
insulation, 25mm 
cement/sand screed, 
130mm RC slab, U-value 
= 0.547 
0.40 
12mm plaster, 200mm 
Brickwall, 12mm plaster, 
U-value = 2.161 
13mm dark blue 
laminated, U-value= 
5.487, SC= 0.9 
12.5mm roof gravel, 
9.5mm built up roofing, 
50mm polystyrene 
insulation, 150mm 
concrete slab, 102mm air 
layer, 13mm acoustic tile, 
U-value = 0.637 
0.59 
20mm plaster, 200mm 
Brickwall, 20mm plaster, 
U-value= 2.618 
8mm tinted heat 
strengthened glass, U-
value= 5.632, SC=0.99 
12.5mm roof gravel, 
9.5mm built up roofing, 
50mm polystyrene 
insulation, 150mm 
concrete slab, 102mm air 
layer, 13mm acoustic tile, 
U-value = 0.637 
0.38 
20mm plaster, 150mm 
Brickwall, 20mm plaster, 
U-value= 2.667 
6mm/ 12mm air gap/ 6mm 
Bronze tinted low-E, U-
value= 1.585, SC= 0.33 
12.5mm roof gravel, 
9.5mm built up roofing, 
50mm polystyrene 
insulation, 150mm 
concrete slab, 102mm air 
layer, 13mm acoustic tile, 
U-value = 0.637 
0.39 
4mm Alucobond, 25mm 
Rockwool insulation, 
100mm space gap, 25mm 
Aluminium, 40mm space 
gap, 25mm Aluminium, 
28mm glass, 25mm 
Aluminium, U-value = 
0.517 
28mm Low E double 
glaze, U-value= 1.585, SC 
= 0.34 
50mm cement/sand 




200mm concrete slab, 
12mm cement skim coat, 
U-value = 0.501 
0.65 
150mm Spandral glass, 
1mm Aluminium, air gap, 
1mm aluminium, U-value= 
1.36 
Low-E double glaze, U-
value= 1.585, SC= 0.32 
12.5mm roof gravel, 
9.5mm built up roofing, 
50mm polystyrene 
insulation, 150mm 
concrete slab, 102mm air 
layer, 13mm acoustic tile, 
U-value = 0.637 
0.59 
30mm Granite, 100mm air 
gap, 50mm mineral wool, 
3mm Aluminium lining, U-
value= 0.618 
6mm/12mm air gap/6mm 
double glazing, U-value= 
1.683, SC = 0.27 
50mm cement panel, 
50mm polystyrene 
insulation, 200mm RC 
slab, U-value = 0.5149 
0.54 
30mm Granite, 70mm air 
space, 500mm concrete, 
U-value= 1.4685 
8mm/8mm air gap/ 8mm 
double glazzing, U-value= 
2.02, SC= 0.42 
75mm light weight panel 
roofing, 50mm polystyrene 
insulation, 50mm 
cement/sand screed, 
150mm RC slab, U-value 
= 0.528 
0.56 
20mm cement plaster, 
200mm RC wall, 20mm 
cement plaster, U-value= 
2.606 
8mm clear glass/ 12mm 
air gap/ 6mm clear glass, 
U-value = 1.585, SC= 0.28 
12.5mm roof gravel, 
9.5mm built up roofing, 
50mm polystyrene 
insulation, 150mm 
concrete slab, 102mm air 
layer, 13mm acoustic tile, 
U-value = 0.637 
0.32 
19mm plaster, 115mm RC 
wall, 19mm plaster, U-
value= 3.504 
6mm tinted double glazed 
glass, U-value= 2.930, 
SC= 0.26 
20mm waterproofing 
cement screeding, 75mm 
lightweight concrete, 
120mm RC slab, U-value 
= 0.326 
0.35 
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3mm Aluminium cladding, 
25mm Fiberglass, U-
value= 1.131 
8mm Tinted glass, U-value 
5.632, SC= 0.42 
50mm cement/sand panel, 





150mm RC slab, U-value 
= 0.883 
0.34 
20mm plaster, 200mm RC 
wall, 20mm plaster, U-
value= 2.606 
6mm/ 12mm air gap/ 6mm 
double glaze glass, U-
value = 3.233, SC= 0.38 
50mm cement/sand 
screed, 50mm polystyrene 
insulation, 200mm RC 
slab, U-value = 0.546 
0.30 
6mm spandrel, 80mm air 
gap, 36mm insulation, 
12mm gypsum board, U-
value 0.525 
6mm tinted single glaze, 
U-value = 5.693, SC = 
0.48 
2.5mm roof gravel, 9.5mm 
built up roofing, 50mm 
polystyrene insulation, 
150mm concrete slab, 
102mm air layer, 13mm 
acoustic tile, U-value = 
0.637 
0.38 
30mm granite, 45mm air 
gap, 125mm RC wall, 
50mm wood wool slab, 
12mm gypsum board, U-
value = 1.271 
6mm/ 12mm air gap/ 6mm 
double glaze glass, U-
value = 3.233, SC = 0.42 
50mm cement/sand panel, 
50mm polystyrne board, 
25mm cement/sand 
screed, 150mm RC slab, 
U-value = 0.543 
0.48 
30mm Granite, 65mm air 
gap,100mm RC wall, 
10mm cement plaster, U-
value= 2.363 
6mm reflective glass/ 
12mm air gap/ 6mm clear 
glass, U-value = 3.233, SC 
= 0.26 
50mm concrete panel, 
50mm woodwool 
insulation, 25mm cement 
screed, 150mm RC slab, 
U-value = 1.176 
0.26 
30mm Granite, 50mm Air 
gap, 600mm concrete, U-
value = 1.355 
8mm/8mm air gap/ 8mm 
double glazing, U-value= 




foam, 150mm lightweight 
concrete, 20mm 
cement/sand plaster, U-
value = 0.621 
0.41 
32mm Granite, 118mm air 
gap, 200mm brickwall, U-
value = 1.945 
6mm/ 12mm air gap/ 6mm 
tinted double glaze glass, 
U-value = 3.233, SC = 
0.28 
75mm precast concrete 
panel, 50mm polyurethane 
insulation foam, 30mm 
cement/sand screed, 
125mm RC slab, U-value 
= 0.408 
0.34 
3mm aluminium cladding, 
170mm air gap, 12mm 
gypsum plaster board, 
50mm fibre glass 
insulation, 12mm gypsum 
plaster board, U-value = 
0.698 
6mm/12mm air gap/6mm 
reflective double glazing, 
U-value= 3.233, SC = 0.30 
25mm waterproof cement, 
3mm motar plas std water, 
75mm lightweight concrete 
screed, 120mm RC slab, 
U-value = 0.842 
0.45 
3mm aluminium panel, 
50mm air gap, 50mm rock 
wool, 200mm air gap, 
125mm brickwall, U-
value= 0.485 
single glaze, 6.38mm thk 
(emilam RB-20), U-value = 
5.681, SC = 0.45 
2.5mm roof gravel, 9.5mm 
built up roofing, 50mm 
polystyrene insulation, 
150mm concrete slab, 
102mm air layer, 13mm 
acoustic tile, U-value = 
0.637 
0.41 
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12.7 ENVI-MET simulation result on different wind speed. 
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1:00 27.26 27.47 -0.21 25.03 25.34 -0.31 2.13 2.23 
2:00 26.92 27.11 -0.19 24.85 25.06 -0.21 2.05 2.07 
3:00 26.55 26.72 -0.17 24.64 24.82 -0.18 1.90 1.91 
4:00 26.19 26.35 -0.16 24.48 24.61 -0.13 1.74 1.71 
5:00 25.85 25.99 -0.14 24.30 24.42 -0.12 1.57 1.55 
6:00 25.71 25.85 -0.13 24.13 24.24 -0.11 1.61 1.58 
7:00 25.88 26.02 -0.14 23.96 24.09 -0.13 1.93 1.92 
8:00 25.76 25.89 -0.14 23.84 23.97 -0.13 1.92 1.92 
9:00 26.41 26.58 -0.17 24.89 25.22 -0.33 1.36 1.52 
10:00 28.30 28.56 -0.26 26.04 26.43 -0.39 2.13 2.26 
1:00 29.82 30.30 -0.49 27.18 27.69 -0.51 2.61 2.64 
12:00 30.75 31.45 -0.70 27.87 28.46 -0.59 2.99 2.88 
13:00 31.51 32.37 -0.86 28.66 29.16 -0.50 3.21 2.85 
14:00 32.10 33.09 -0.99 29.31 29.71 -0.4 3.38 2.79 
15:00 30.62 31.29 -0.67 29.44 30.06 -0.62 1.23 1.18 
16:00 30.65 31.32 -0.67 29.5 30.16 -0.66 1.16 1.15 
17:00 30.85 31.57 -0.72 29.35 29.99 -0.64 1.58 1.50 
18:00 31.15 31.93 -0.78 28.97 29.50 -0.53 2.43 2.18 
19:00 30.57 31.23 -0.66 28.17 28.43 -0.26 2.80 2.40 
20:00 30.48 31.12 -0.64 27.24 27.51 -0.27 3.61 3.24 
21:00 30.11 30.67 -0.55 26.61 26.90 -0.29 3.77 3.50 
22:00 29.48 29.90 -0.41 26.04 26.41 -0.37 3.49 3.44 
23:00 28.99 29.28 -0.29 25.67 26.00 -0.33 3.28 3.32 
24:00 28.63 28.90 -0.27 25.34 25.65 -0.31 3.25 3.29 
Max 32.10 33.09 -0.99 29.50 30.16 -0.66 3.77 3.50 
Min 25.71 25.85 -0.13 23.84 23.97 -0.11 1.16 1.15 
Avg 28.77 29.21 -0.43 26.48 26.83 -0.35 2.38 2.29 
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on 303K (24hrs) 
1:00 27.47 27.96 27.02 25.34 26.8 27.5 
2:00 27.11 27.66 26.77 25.06 26.54 27.24 
3:00 26.72 27.62 26.50 24.82 26.3 27.01 
4:00 26.35 27.33 26.13 24.61 26.1 26.80 
5:00 25.99 26.84 26.00 24.42 25.92 26.62 
6:00 25.85 26.54 25.81 24.24 25.76 26.47 
7:00 26.02 26.27 25.63 24.09 25.61 26.33 
8:00 25.89 26.45 25.68 23.97 25.5 26.21 
9:00 26.58 26.96 26.76 25.22 26.71 27.42 
10:00 28.56 28.40 28.42 26.43 27.59 28.12 
11:00 30.30 30.02 29.92 27.69 29.11 29.79 
12:00 31.45 31.38 31.28 28.46 29.92 30.64 
13:00 32.37 32.79 32.36 29.16 30.63 31.35 
14:00 33.09 33.17 33.36 29.71 31.19 31.91 
15:00 31.29 33.74 34.43 30.06 31.54 32.27 
16:00 31.32 34.26 33.86 30.16 31.65 32.38 
17:00 31.57 34.10 33.94 29.99 31.49 32.22 
18:00 31.93 33.66 33.56 29.50 31.01 31.74 
19:00 31.23 32.40 32.29 28.43 29.81 30.48 
20:00 31.12 31.57 30.80 27.51 28.92 29.60 
21:00 30.67 30.49 29.55 26.90 28.31 29.00 
22:00 29.90 29.35 28.77 26.41 27.83 28.52 
23:00 29.28 28.63 28.14 26.00 27.43 28.12 
24:00 28.90 28.31 27.87 25.65 27.09 27.79 
Max 33.09 34.26 34.43 30.16 31.65 32.38 
Min 25.85 26.27 25.63 23.97 25.50 26.21 
Avg 29.21 29.83 29.37 26.83 28.28 28.98 
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20‐02‐01  34.083  31.961  29.543  25.427 
20‐02‐02  33.981  31.869  29.487  25.433 
20‐02‐03  34.044  31.924  29.523  25.441 
20‐02‐04  34.063  31.943  29.532  25.429 
20‐02‐05  33.949  31.837  29.470  25.443 
20‐02‐06  33.979  31.867  29.488  25.435 
20‐02‐07  34.040  31.924  29.522  25.427 
20‐02‐08  33.975  31.867  29.487  25.426 
20‐02‐09  33.825  31.729  29.403  25.434 
20‐02‐10  33.992  31.883  29.497  25.426 
20‐02‐11  33.813  31.720  29.396  25.426 
20‐02‐12  33.792  31.706  29.390  25.424 
20‐04‐01  33.871  31.768  29.438  25.477 
20‐04‐02  33.679  31.595  29.332  25.482 
20‐04‐03  33.823  31.726  29.408  25.465 
20‐04‐04  33.837  31.738  29.420  25.477 
20‐04‐05  33.629  31.549  29.304  25.482 
20‐04‐06  33.663  31.581  29.326  25.490 
20‐04‐07  33.760  31.673  29.381  25.474 
20‐04‐08  33.606  31.536  29.297  25.472 
20‐04‐09  33.457  31.398  29.216  25.493 
20‐04‐10  33.659  31.586  29.329  25.475 
20‐04‐11  33.337  31.293  29.148  25.475 
20‐04‐12  33.242  31.216  29.105  25.474 
20‐06‐01  33.685  31.599  29.349  25.528 
20‐06‐02  33.447  31.385  29.217  25.532 
20‐06‐03  33.644  31.565  29.317  25.490 
20‐06‐04  33.645  31.564  29.327  25.526 
20‐06‐05  33.423  31.370  29.201  25.499 
20‐06‐06  33.436  31.376  29.216  25.545 
20‐06‐07  33.531  31.467  29.268  25.521 
20‐06‐08  33.323  31.284  29.157  25.517 
20‐06‐09  33.229  31.195  29.109  25.551 
20‐06‐10  33.393  31.348  29.199  25.524 
20‐06‐11  33.027  31.018  28.996  25.524 
20‐06‐12  32.898  30.913  28.937  25.523 
20‐10‐01  33.309  31.259  29.165  25.615 
20‐10‐02  32.989  30.972  28.984  25.601 
20‐10‐03  33.413  31.359  29.206  25.538 
20‐10‐04  33.253  31.210  29.135  25.612 
20‐10‐05  33.059  31.044  29.025  25.572 
20‐10‐06  33.058  31.035  29.036  25.636 
20‐10‐07  33.106  31.084  29.058  25.605 
20‐10‐08  32.881  30.889  28.941  25.597 
20‐10‐09  32.876  30.882  28.950  25.646 
20‐10‐10  32.949  30.952  28.983  25.611 
20‐10‐11  32.586  30.628  28.787  25.609 
20‐10‐12  32.455  30.529  28.734  25.606 
20‐15‐01  33.211  31.768  29.149  25.727 
20‐15‐02  32.879  31.595  28.965  25.720 
20‐15‐03  33.111  31.092  29.063  25.598 
20‐15‐04  33.148  31.738  29.120  25.744 
20‐15‐05  32.942  31.549  28.994  25.635 
20‐15‐06  32.938  31.581  29.009  25.717 
20‐15‐07  32.955  31.673  29.022  25.732 
20‐15‐08  32.697  31.536  28.894  25.720 
20‐15‐09  32.760  31.398  28.934  25.737 
20‐15‐10  32.814  31.586  28.965  25.746 
20‐15‐11  32.425  30.500  28.762  25.745 
20‐15‐12  32.325  30.440  28.740  25.746 
20‐20‐01  33.102  31.086  29.116  25.772 
ID  Tmax  TavgDay  Tavg  Tmin 
(oC) (oC)  (oC)  (oC)
20‐20‐03  32.959  30.960  29.004  25.659 
20‐20‐04  33.042  31.037  29.086  25.758 
20‐20‐05  32.819  30.849  28.963  25.720 
20‐20‐06  32.834  30.866  28.975  25.721 
20‐20‐07  32.805  30.823  28.982  25.849 
20‐20‐08  32.561  30.625  28.868  25.833 
20‐20‐09  32.678  30.746  28.918  25.738 
20‐20‐10  32.686  30.735  28.946  25.869 
20‐20‐11  32.319  30.420  28.761  25.868 
20‐20‐12  32.247  30.394  28.766  25.870 
30‐02‐01  34.038  31.920  29.521  25.427 
30‐02‐02  33.940  31.840  29.467  25.429 
30‐02‐03  33.999  31.886  29.500  25.439 
30‐02‐04  33.990  31.880  29.495  25.428 
30‐02‐05  33.797  31.710  29.386  25.426 
30‐02‐06  33.886  31.790  29.438  25.432 
30‐02‐07  33.987  31.880  29.497  25.431 
30‐02‐08  33.903  31.800  29.452  25.432 
30‐02‐09  33.633  31.560  29.296  25.431 
30‐02‐10  33.933  31.830  29.469  25.429 
30‐02‐11  33.665  31.590  29.317  25.429 
30‐02‐12  33.678  31.610  29.332  25.430 
30‐04‐01  33.731  31.660  29.360  25.464 
30‐04‐02  33.590  31.510  29.281  25.466 
30‐04‐03  33.745  31.657  29.367  25.468 
30‐04‐04  33.648  31.590  29.315  25.462 
30‐04‐05  33.387  31.370  29.169  25.463 
30‐04‐06  33.450  31.430  29.207  25.470 
30‐04‐07  33.615  31.550  29.300  25.465 
30‐04‐08  33.414  31.390  29.191  25.466 
30‐04‐09  33.156  31.200  29.047  25.471 
30‐04‐10  33.523  31.460  29.256  25.465 
30‐04‐11  33.055  31.110  28.993  25.466 
30‐04‐12  33.034  31.080  28.994  25.469 
30‐06‐01  33.452  31.400  29.220  25.514 
30‐06‐02  33.276  31.240  29.124  25.509 
30‐06‐03  33.492  31.426  29.239  25.525 
30‐06‐04  33.354  31.310  29.168  25.503 
30‐06‐05  33.157  31.130  29.060  25.513 
30‐06‐06  33.171  31.150  29.070  25.516 
30‐06‐07  33.284  31.250  29.133  25.505 
30‐06‐08  33.076  31.070  29.023  25.507 
30‐06‐09  32.975  30.980  28.973  25.526 
30‐06‐10  33.155  31.140  29.072  25.509 
30‐06‐11  32.775  30.800  28.867  25.523 
30‐06‐12  32.702  30.750  28.843  25.525 
30‐10‐01  33.173  31.140  29.099  25.611 
30‐10‐02  32.983  30.970  28.992  25.597 
30‐10‐03  33.240  31.206  29.117  25.556 
30‐10‐04  33.082  31.060  29.048  25.585 
30‐10‐05  32.915  30.910  28.957  25.595 
30‐10‐06  32.893  30.900  28.952  25.605 
30‐10‐07  32.962  30.960  28.988  25.590 
30‐10‐08  32.733  30.760  28.872  25.589 
30‐10‐09  32.718  30.750  28.873  25.612 
30‐10‐10  32.837  30.860  28.938  25.597 
30‐10‐11  32.464  30.530  28.738  25.600 
30‐10‐12  32.394  30.490  28.727  25.605 
30‐15‐01  32.944  30.940  29.010  25.709 
30‐15‐02  32.743  30.760  28.899  25.702 
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30‐15‐04  32.859  30.870  28.965  25.682 
30‐15‐05  32.706  30.730  28.883  25.700 
30‐15‐06  32.677  30.710  28.877  25.713 
30‐15‐07  32.711  30.740  28.892  25.689 
30‐15‐08  32.501  30.570  28.794  25.687 
30‐15‐09  32.538  30.610  28.830  25.726 
30‐15‐10  32.616  30.680  28.869  25.702 
30‐15‐11  32.281  30.390  28.699  25.706 
30‐15‐12  32.233  30.380  28.713  25.715 
30‐20‐01  32.801  30.820  28.971  25.832 
30‐20‐02  32.604  30.650  28.860  25.804 
30‐20‐03  32.827  30.842  28.944  25.702 
30‐20‐04  32.730  30.770  28.932  25.776 
30‐20‐05  32.583  30.630  28.855  25.800 
30‐20‐06  32.549  30.610  28.850  25.818 
30‐20‐07  32.564  30.630  28.852  25.785 
30‐20‐08  32.383  30.490  28.778  25.782 
30‐20‐09  32.450  30.550  28.836  25.835 
30‐20‐10  32.499  30.600  28.856  25.803 
30‐20‐11  32.207  30.350  28.718  25.809 
30‐20‐12  32.192  30.380  28.765  25.821 
40‐02‐01  34.037  31.870  29.534  25.436 
40‐02‐02  33.845  31.790  29.425  25.447 
40‐02‐03  33.990  31.924  29.497  25.463 
40‐02‐04  33.933  31.760  29.473  25.443 
40‐02‐05  33.596  31.524  29.279  25.438 
40‐02‐06  33.718  31.690  29.355  25.443 
40‐02‐07  33.608  31.820  29.290  25.456 
40‐02‐08  33.427  31.740  29.189  25.457 
40‐02‐09  33.041  31.400  28.967  25.454 
40‐02‐10  33.536  31.780  29.256  25.454 
40‐02‐11  33.036  31.480  28.968  25.454 
40‐02‐12  32.986  31.500  28.942  25.452 
40‐04‐01  33.601  31.531  29.298  25.462 
40‐04‐02  33.471  31.420  29.223  25.472 
40‐04‐03  33.704  31.726  29.352  25.510 
40‐04‐04  33.416  31.370  29.193  25.476 
40‐04‐05  33.219  31.186  29.082  25.480 
40‐04‐06  33.289  31.250  29.122  25.476 
40‐04‐07  33.459  31.410  29.219  25.474 
40‐04‐08  33.299  31.260  29.133  25.476 
40‐04‐09  33.016  31.010  28.975  25.477 
40‐04‐10  33.362  31.330  29.175  25.474 
40‐04‐11  32.979  30.980  28.960  25.475 
40‐04‐12  32.951  30.960  28.958  25.479 
40‐06‐01  33.308  31.280  29.150  25.496 
40‐06‐02  33.184  31.160  29.077  25.509 
40‐06‐03  33.476  31.565  29.240  25.557 
40‐06‐04  33.131  31.110  29.051  25.518 
40‐06‐05  33.014  31.006  28.986  25.523 
40‐06‐06  32.996  30.990  28.976  25.514 
40‐06‐07  33.125  31.110  29.049  25.510 
40‐06‐08  32.939  30.950  28.951  25.512 
40‐06‐09  32.762  30.790  28.856  25.517 
40‐06‐10  33.025  31.030  29.008  25.513 
40‐06‐11  32.665  30.710  28.810  25.515 
40‐06‐12  32.609  30.670  28.798  25.520 
40‐10‐01  32.949  30.950  28.981  25.565 
40‐10‐02  32.837  30.850  28.915  25.584 
40‐10‐03  33.134  31.359  29.079  25.652 
40‐10‐04  32.785  30.810  28.892  25.601 
40‐10‐05  32.523  30.768  28.743  25.607 
40‐10‐06  32.656  30.700  28.823  25.591 








40‐10‐08  32.564  30.620  28.783  25.586 
40‐10‐09  32.486  30.700  28.750  25.599 
40‐10‐10  32.643  30.700  28.840  25.592 
40‐10‐11  32.346  30.440  28.685  25.594 
40‐10‐12  32.294  30.420  28.687  25.602 
40‐15‐01  32.729  30.780  28.907  25.652 
40‐15‐02  32.605  30.650  28.826  25.678 
40‐15‐03  32.869  31.092  28.972  25.770 
40‐15‐04  32.564  30.620  28.814  25.705 
40‐15‐05  32.560  30.616  28.816  25.713 
40‐15‐06  32.444  30.520  28.753  25.687 
40‐15‐07  32.493  30.560  28.775  25.674 
40‐15‐08  32.350  30.450  28.716  25.677 
40‐15‐09  32.327  30.440  28.723  25.700 
40‐15‐10  32.434  30.540  28.782  25.690 
40‐15‐11  32.195  30.340  28.669  25.693 
40‐15‐12  32.170  30.350  28.701  25.705 
40‐20‐01  32.605  30.676  28.889  25.782 
40‐20‐02  32.484  30.550  28.801  25.771 
40‐20‐03  32.710  30.960  28.924  25.888 
40‐20‐04  32.450  30.520  28.797  25.809 
40‐20‐05  32.389  30.472  28.768  25.818 
40‐20‐06  32.343  30.440  28.745  25.783 
40‐20‐07  32.372  30.470  28.754  25.765 
40‐20‐08  32.260  30.390  28.720  25.769 
40‐20‐09  32.268  30.410  28.752  25.802 
40‐20‐10  32.355  30.490  28.799  25.788 
40‐20‐11  32.152  30.330  28.714  25.792 
40‐20‐12  32.163  30.390  28.781  25.807 
50‐02‐01  33.884  31.790  29.443  25.443 
50‐02‐02  33.808  31.720  29.402  25.442 
50‐02‐03  33.959  31.886  29.473  25.462 
50‐02‐04  33.525  31.460  29.243  25.441 
50‐02‐06  33.624  31.550  29.297  25.446 
50‐02‐07  33.828  31.740  29.415  25.446 
50‐02‐08  33.725  31.650  29.360  25.448 
50‐02‐09  33.097  31.060  28.998  25.445 
50‐02‐10  33.778  31.700  29.394  25.444 
50‐02‐11  33.388  31.340  29.170  25.445 
50‐02‐12  33.410  31.370  29.192  25.447 
50‐04‐01  33.405  31.356  29.188  25.478 
50‐04‐02  33.329  31.290  29.147  25.477 
50‐04‐03  33.646  31.657  29.314  25.500 
50‐04‐04  33.064  31.052  29.001  25.478 
50‐04‐06  33.089  31.070  29.014  25.481 
50‐04‐07  33.289  31.254  29.128  25.480 
50‐04‐08  33.140  31.122  29.049  25.483 
50‐04‐09  32.723  30.739  28.814  25.482 
50‐04‐10  33.205  31.189  29.093  25.481 
50‐04‐11  32.837  30.853  28.887  25.482 
50‐04‐12  32.780  30.813  28.869  25.487 
50‐06‐01  33.073  31.060  29.018  25.513 
50‐06‐02  33.048  31.040  29.005  25.511 
50‐06‐03  33.367  31.426  29.174  25.539 
50‐06‐04  32.706  30.730  28.818  25.516 
50‐06‐06  32.773  30.790  28.855  25.517 
50‐06‐07  32.973  30.970  28.968  25.515 
50‐06‐08  32.830  30.850  28.896  25.518 
50‐06‐09  32.469  30.520  28.698  25.521 
50‐06‐10  32.845  30.870  28.915  25.519 
50‐06‐11  32.515  30.580  28.735  25.521 
50‐06‐12  32.450  30.530  28.719  25.527 
50‐10‐01  32.690  30.530  28.836  25.583 
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50‐10‐03  33.036  31.206  29.020  25.616 
50‐10‐04  32.466  30.330  28.720  25.591 
50‐10‐06  32.447  30.310  28.712  25.588 
50‐10‐07  32.528  30.390  28.756  25.584 
50‐10‐08  32.408  30.290  28.703  25.588 
50‐10‐09  32.264  30.170  28.635  25.596 
50‐10‐10  32.473  30.370  28.756  25.593 
50‐10‐11  32.246  30.170  28.643  25.595 
50‐10‐12  32.177  30.140  28.635  25.605 
50‐15‐01  32.484  30.561  28.780  25.677 
50‐15‐02  32.432  30.505  28.739  25.673 
50‐15‐03  32.803  30.980  28.951  25.721 
50‐15‐04  32.280  30.377  28.669  25.689 
50‐15‐06  32.304  30.423  28.712  25.686 
50‐15‐07  32.383  30.512  28.776  25.684 
50‐15‐08  32.298  30.448  28.747  25.688 
50‐15‐09  32.142  30.284  28.634  25.693 
50‐15‐10  32.301  30.434  28.726  25.688 
50‐15‐11  32.126  30.294  28.652  25.692 
50‐15‐12  32.096  30.302  28.682  25.705 
50‐20‐01  32.372  30.460  28.745  25.759 
50‐20‐02  32.323  30.420  28.716  25.755 
50‐20‐03  32.637  30.842  28.877  25.808 
50‐20‐04  32.185  30.300  28.659  25.778 
50‐20‐06  32.193  30.320  28.670  25.766 
50‐20‐07  32.218  30.340  28.680  25.757 
50‐20‐08  32.160  30.310  28.676  25.763 
50‐20‐09  32.120  30.290  28.685  25.785 
50‐20‐10  32.241  30.410  28.755  25.779 
50‐20‐11  32.110  30.320  28.715  25.784 
50‐20‐12  32.111  30.360  28.778  25.802 
60‐02‐01  33.767  31.680  29.382  25.447 
60‐02‐02  33.732  31.650  29.363  25.445 
60‐02‐03  33.945  31.800  29.460  25.463 
60‐02‐06  33.467  31.410  29.212  25.455 
60‐02‐07  33.709  31.630  29.353  25.455 
60‐02‐08  33.629  31.560  29.309  25.457 
60‐02‐09  33.236  30.800  29.085  25.454 
60‐02‐10  33.677  31.610  29.342  25.453 
60‐02‐11  33.252  31.220  29.098  25.454 
60‐02‐12  33.298  31.270  29.133  25.457 
60‐04‐01  33.200  31.17  29.080  25.49 
60‐04‐02  33.160  31.14  29.060  25.48 
60‐04‐03  33.584  31.488  29.276  25.502 
60‐04‐06  32.900  30.90  28.910  25.49 
60‐04‐07  33.100  31.08  29.030  25.49 
60‐04‐08  32.990  30.99  28.970  25.49 
60‐04‐09  32.723  30.56  28.822  25.49 
60‐04‐10  33.040  31.04  29.000  25.49 
60‐04‐11  32.710  30.74  28.820  25.49 
60‐04‐12  32.680  30.73  28.820  25.50 
60‐06‐01  32.940  30.85  28.940  25.53 
60‐06‐02  32.770  30.83  28.850  25.53 
60‐06‐03  32.909  31.240  28.905  25.522 
60‐06‐06  32.770  30.63  28.850  25.53 
60‐06‐07  32.780  30.75  28.860  25.53 
60‐06‐08  32.720  30.67  28.830  25.53 
60‐06‐09  32.459  30.40  28.701  25.53 
60‐06‐10  32.680  30.71  28.830  25.54 
60‐06‐11  32.610  30.50  28.790  25.54 
60‐06‐12  32.480  30.460  28.740  25.540 
60‐10‐01  32.470  30.520  28.720  25.590 
60‐10‐02  32.440  30.500  28.700  25.580 








60‐10‐06  32.280  30.360  28.630  25.590 
60‐10‐07  32.350  30.430  28.660  25.590 
60‐10‐08  32.280  30.380  28.640  25.590 
60‐10‐09  32.202  30.240  28.611  25.599 
60‐10‐10  32.320  30.430  28.680  25.600 
60‐10‐11  32.160  30.300  28.610  25.600 
60‐10‐12  32.120  30.290  28.620  25.610 
60‐15‐01  32.268  30.360  28.650  25.669 
60‐15‐02  32.240  30.330  28.630  25.670 
60‐15‐03  32.685  30.704  28.861  25.692 
60‐15‐06  32.120  30.240  28.590  25.680 
60‐15‐07  32.160  30.280  28.610  25.670 
60‐15‐08  32.130  30.260  28.610  25.680 
60‐15‐09  32.091  30.190  28.618  25.689 
60‐15‐10  32.170  30.330  28.670  25.690 
60‐15‐11  32.070  30.250  28.640  25.700 
60‐15‐12  32.060  30.280  28.670  25.710 
60‐20‐01  32.200  30.310  28.650  25.750 
60‐20‐02  32.160  30.280  28.630  25.750 
60‐20‐03  32.568  30.609  28.837  25.778 
60‐20‐06  32.070  30.220  28.610  25.760 
60‐20‐07  32.090  30.230  28.620  25.760 
60‐20‐08  32.090  30.250  28.650  25.760 
60‐20‐09  32.082  30.220  28.682  25.780 
60‐20‐10  32.140  30.330  28.720  25.780 
60‐20‐11  32.070  30.300  28.720  25.790 
60‐20‐12  32.100  30.370  28.790  25.800 
70‐02‐01  33.60  31.53  29.29  25.46 
70‐02‐02  33.64  31.57  29.31  25.46 
70‐02‐03  33.90  31.77  29.44  25.48 
70‐02‐06  33.28  31.23  29.11  25.47 
70‐02‐07  33.56  31.49  29.27  25.47 
70‐02‐08  33.50  31.44  29.24  25.47 
70‐02‐09  33.09  31.06  29.01  25.47 
70‐02‐10  33.53  31.48  29.26  25.46 
70‐02‐11  33.16  31.14  29.05  25.46 
70‐02‐12  33.19  31.17  29.08  25.47 
70‐04‐01  32.96  30.96  28.95  25.49 
70‐04‐02  32.99  30.98  28.96  25.49 
70‐04‐03  33.48  31.39  29.22  25.51 
70‐04‐06  32.72  30.73  28.81  25.50 
70‐04‐07  32.88  30.89  28.91  25.50 
70‐04‐08  32.82  30.84  28.88  25.50 
70‐04‐09  32.59  30.63  28.75  25.50 
70‐04‐10  32.83  30.86  28.90  25.50 
70‐04‐11  32.60  30.65  28.77  25.50 
70‐04‐12  32.54  30.60  28.75  25.51 
70‐06‐01  33.00  30.64  28.98  25.53 
70‐06‐02  33.02  30.65  29.00  25.53 
70‐06‐03  33.09  31.12  29.01  25.53 
70‐06‐06  32.75  30.47  28.85  25.53 
70‐06‐07  32.92  30.56  28.95  25.53 
70‐06‐08  32.86  30.53  28.92  25.53 
70‐06‐09  32.33  30.41  28.64  25.54 
70‐06‐10  32.88  30.54  28.95  25.53 
70‐06‐11  32.33  30.42  28.65  25.54 
70‐06‐12  32.26  30.37  28.63  25.54 
70‐10‐01  32.26  30.34  28.61  25.59 
70‐10‐02  32.25  30.34  28.60  25.59 
70‐10‐03  32.79  30.79  28.89  25.61 
70‐10‐06  32.13  30.23  28.54  25.60 
70‐10‐07  32.17  30.27  28.57  25.59 
70‐10‐08  32.16  30.27  28.58  25.60 
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70‐10‐10  32.16  30.29  28.60  25.60 
70‐10‐11  32.09  30.24  28.58  25.61 
70‐10‐12  32.05  30.23  28.59  25.62 
70‐15‐01  32.10  30.21  28.56  25.67 
70‐15‐02  32.09  30.20  28.56  25.67 
70‐15‐03  32.57  30.60  28.80  25.69 
70‐15‐06  32.00  30.14  28.53  25.68 
70‐15‐07  32.03  30.16  28.54  25.68 
70‐15‐08  32.03  30.18  28.56  25.68 
70‐15‐09  32.00  30.18  28.58  25.69 
70‐15‐10  32.05  30.23  28.61  25.69 
70‐15‐11  32.03  30.23  28.63  25.70 
70‐15‐12  32.02  30.26  28.67  25.71 
70‐20‐01  32.05  30.18  28.58  25.75 
70‐20‐02  32.03  30.17  28.57  25.75 
70‐20‐03  32.47  30.53  28.79  25.77 
70‐20‐06  31.97  30.14  28.57  25.76 
70‐20‐07  31.98  30.14  28.57  25.76 
70‐20‐08  32.01  30.19  28.61  25.76 
70‐20‐09  32.02  30.23  28.66  25.78 
70‐20‐10  32.05  30.26  28.68  25.78 
70‐20‐11  32.04  30.28  28.72  25.79 
70‐20‐12  32.07  30.36  28.80  25.81 
80‐02‐01  33.330  31.280  29.140  25.470 
80‐02‐02  33.490  31.430  29.230  25.470 
80‐02‐03  33.830  31.704  29.406  25.486 
80‐02‐06  33.112  30.559  29.019  25.475 
80‐02‐07  33.320  30.720  29.140  25.470 
80‐02‐08  33.150  31.250  29.040  25.480 
80‐02‐09  32.929  30.919  28.920  25.475 
80‐02‐10  33.280  30.650  29.130  25.470 
80‐02‐11  33.065  31.051  29.004  25.475 
80‐02‐12  33.003  30.999  28.976  25.478 
80‐04‐01  32.700  30.720  28.800  25.500 
80‐04‐02  32.770  30.790  28.840  25.500 
80‐04‐03  33.331  31.265  29.144  25.517 
80‐04‐06  32.523  30.745  28.708  25.507 
80‐04‐07  32.650  30.670  28.780  25.510 
80‐04‐08  32.540  30.580  28.720  25.510 
80‐04‐09  32.449  30.501  28.680  25.510 
80‐04‐10  32.600  30.640  28.770  25.510 
80‐04‐11  32.466  30.527  28.700  25.511 
80‐04‐12  32.408  30.485  28.680  25.515 
80‐06‐01  32.360  30.420  28.630  25.530 
80‐06‐02  32.400  30.460  28.650  25.530 
80‐06‐03  33.006  30.979  28.979  25.548 
80‐06‐06  32.245  30.317  28.573  25.539 
80‐06‐07  32.310  30.380  28.610  25.540 
80‐06‐08  32.240  30.320  28.580  25.540 
80‐06‐09  32.397  30.487  28.691  25.544 
80‐06‐10  32.280  30.370  28.620  25.540 
80‐06‐11  32.196  30.304  28.583  25.546 
80‐06‐12  32.148  30.274  28.573  25.551 
80‐10‐01  32.070  30.170  28.500  25.600 
80‐10‐02  32.080  30.180  28.510  25.600 
80‐10‐03  32.630  30.377  28.802  25.610 
80‐10‐06  31.986  30.103  28.471  25.602 
80‐10‐07  32.020  30.130  28.490  25.600 
80‐10‐08  31.990  30.120  28.490  25.610 
80‐10‐09  31.984  30.131  28.507  25.612 
80‐10‐10  32.020  30.170  28.530  25.610 
80‐10‐11  31.990  30.158  28.537  25.618 
80‐10‐12  31.971  30.163  28.555  25.625 








80‐15‐02  31.940  30.070  28.480  25.670 
80‐15‐03  32.438  30.494  28.736  25.687 
80‐15‐06  31.830  30.043  28.440  25.680 
80‐15‐07  31.920  30.070  28.490  25.680 
80‐15‐08  31.910  30.080  28.500  25.690 
80‐15‐09  31.900  30.121  28.530  25.700 
80‐15‐10  31.960  30.160  28.570  25.700 
80‐15‐11  31.890  30.173  28.570  25.710 
80‐15‐12  31.930  30.237  28.640  25.720 
80‐20‐01  31.910  30.070  28.510  25.750 
80‐20‐02  31.920  30.070  28.520  25.750 
80‐20‐03  32.364  30.441  28.736  25.764 
80‐20‐06  31.873  30.050  28.516  25.761 
80‐20‐07  31.880  30.060  28.520  25.760 
80‐20‐08  31.910  30.110  28.570  25.770 
80‐20‐09  31.956  30.185  28.640  25.783 
80‐20‐10  31.970  30.210  28.660  25.780 
80‐20‐11  31.998  30.263  28.718  25.797 
80‐20‐12  32.047  30.355  28.810  25.810 
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20‐02‐01  3933.84  615.77  462.68  348.78 
20‐02‐02  4188.78  690.13  615.57  345.31 
20‐02‐03  4087.27  659.27  554.69  347.72 
20‐02‐04  4167.74  690.77  592.99  348.33 
20‐02‐05  4221.48  703.81  632.26  344.37 
20‐02‐06  4293.69  724.47  673.80  345.20 
20‐02‐07  4305.23  728.30  676.62  347.68 
20‐02‐08  4648.59  832.38  883.87  345.31 
20‐02‐09  4901.27  923.35  1034.88  340.18 
20‐02‐10  4942.95  935.88  1050.58  345.88 
20‐02‐11  5274.83  1021.65  1282.29  339.85 
20‐02‐12  5827.72  1208.31  1622.13  339.14 
20‐04‐01  7497.86  799.66  932.82  682.99 
20‐04‐02  8024.24  936.47  1230.02  669.45 
20‐04‐03  7834.06  882.88  1120.97  680.24 
20‐04‐04  7959.14  940.42  1157.75  681.10 
20‐04‐05  8060.46  959.98  1239.21  666.46 
20‐04‐06  8219.88  999.59  1324.37  668.81 
20‐04‐07  8254.12  1008.56  1333.33  675.89 
20‐04‐08  8938.33  1199.28  1723.08  665.44 
20‐04‐09  9336.78  1373.54  1901.43  654.62 
20‐04‐10  9450.79  1400.08  1947.84  668.93 
20‐04‐11  10062.34  1542.54  2380.75  646.57 
20‐04‐12  11127.30  1884.95  3006.84  640.54 
20‐06‐01  10994.57  1007.22  1394.13  1004.76 
20‐06‐02  11771.68  1202.71  1822.09  980.06 
20‐06‐03  11513.66  1129.81  1675.01  1001.74 
20‐06‐04  11661.07  1210.50  1696.91  1002.01 
20‐06‐05  11803.83  1238.01  1811.43  978.74 
20‐06‐06  12035.46  1293.57  1933.70  979.53 
20‐06‐07  12102.15  1305.46  1961.55  990.48 
20‐06‐08  13083.37  1573.17  2509.11  969.07 
20‐06‐09  13581.57  1836.97  2652.81  958.73 
20‐06‐10  13754.75  1866.48  2742.43  976.51 
20‐06‐11  14648.56  2064.82  3377.95  938.09 
20‐06‐12  16131.10  2552.83  4212.64  925.55 
20‐10‐01  17856.70  1406.05  2289.54  1611.09 
20‐10‐02  19076.31  1700.99  2970.48  1555.48 
20‐10‐03  18788.11  1620.14  2750.20  1629.77 
20‐10‐04  18883.30  1721.11  2732.29  1600.28 
20‐10‐05  19113.39  1772.29  2892.29  1568.96 
20‐10‐06  19458.65  1856.37  3069.08  1567.01 
20‐10‐07  19563.25  1865.28  3137.00  1576.41 
20‐10‐08  21084.41  2283.55  3952.03  1539.09 
20‐10‐09  21777.90  2727.48  4004.09  1537.36 
20‐10‐10  22011.41  2746.98  4168.16  1551.32 
20‐10‐11  23407.20  3060.11  5136.93  1488.06 
20‐10‐12  25626.53  3840.46  6279.81  1469.18 
20‐15‐01  26467.33  1927.41  3371.29  2390.81 
20‐15‐02  28239.44  2363.07  4330.30  2305.27 
20‐15‐03  27704.57  2200.84  4053.10  2367.91 
20‐15‐04  27951.36  2393.23  3970.57  2374.14 
20‐15‐05  28244.75  2464.15  4181.53  2327.18 
20‐15‐06  28707.55  2588.32  4391.70  2323.77 
20‐15‐07  28853.86  2593.79  4503.36  2326.65 
20‐15‐08  30975.60  3199.04  5592.78  2264.94 
20‐15‐09  32004.90  3883.77  5583.48  2282.51 
20‐15‐10  32325.07  3904.46  5817.21  2296.31 
20‐15‐11  34251.00  4364.59  7110.10  2198.07 
20‐15‐12  37416.39  5555.23  8573.12  2179.95 
















20‐20‐02  37253.98  3001.55  5627.30  3023.57 
20‐20‐03  36576.35  2786.46  5304.16  3106.07 
20‐20‐04  36915.01  3050.63  5164.82  3136.60 
20‐20‐05  37272.01  3139.69  5425.08  3062.92 
20‐20‐06  37837.02  3306.65  5652.01  3071.01 
20‐20‐07  38009.53  3303.26  5803.62  3053.81 
20‐20‐08  40725.45  4107.08  7131.36  2977.53 
20‐20‐09  42123.96  5026.42  7101.99  3022.36 
20‐20‐10  42498.96  5041.06  7381.62  3021.34 
20‐20‐11  44940.67  5662.31  8950.16  2899.07 
20‐20‐12  49086.43  7278.98  10721.06  2889.18 
30‐02‐01  5667.30  855.24  565.17  521.41 
30‐02‐02  5835.52  903.65  667.97  516.48 
30‐02‐03  5671.25  853.63  574.30  519.12 
30‐02‐04  5959.85  946.27  731.94  518.39 
30‐02‐05  5979.82  955.27  752.57  508.90 
30‐02‐06  6099.72  986.89  817.64  513.12 
30‐02‐07  6126.46  994.89  824.93  518.70 
30‐02‐08  6547.78  1123.84  1073.65  514.60 
30‐02‐09  6810.42  1223.71  1237.64  500.19 
30‐02‐10  6901.12  1255.30  1260.87  516.15 
30‐02‐11  7257.31  1349.81  1514.52  501.76 
30‐02‐12  7966.59  1589.73  1936.27  502.87 
30‐04‐01  10703.63  1062.83  1132.81  1011.99 
30‐04‐02  11044.16  1150.19  1329.92  994.89 
30‐04‐03  10738.22  1065.60  1160.13  1011.93 
30‐04‐04  11284.03  1231.58  1426.09  1003.35 
30‐04‐05  11285.58  1248.06  1435.98  978.93 
30‐04‐06  11552.82  1302.52  1585.16  985.48 
30‐04‐07  11626.76  1318.69  1608.41  1000.00 
30‐04‐08  12437.03  1548.86  2054.69  981.80 
30‐04‐09  12844.52  1751.16  2219.05  958.47 
30‐04‐10  13050.51  1798.88  2296.06  988.72 
30‐04‐11  13733.89  1963.90  2776.98  949.02 
30‐04‐12  15035.26  2398.47  3487.36  944.78 
30‐06‐01  15610.17  1302.59  1687.32  1472.16 
30‐06‐02  16110.85  1428.41  1964.03  1445.72 
30‐06‐03  15689.63  1312.69  1733.47  1478.51 
30‐06‐04  16433.91  1540.83  2081.01  1457.24 
30‐06‐05  16434.08  1572.58  2070.53  1427.60 
30‐06‐06  16813.17  1643.41  2290.87  1430.01 
30‐06‐07  16928.00  1661.28  2341.41  1447.76 
30‐06‐08  18077.87  1984.68  2949.70  1415.76 
30‐06‐09  18622.36  2300.64  3062.76  1399.04 
30‐06‐10  18879.63  2343.52  3190.78  1428.68 
30‐06‐11  19871.24  2583.06  3863.01  1369.55 
30‐06‐12  21672.65  3198.14  4790.98  1359.71 
30‐10‐01  25341.69  1794.52  2746.28  2380.60 
30‐10‐02  26150.68  1994.04  3182.08  2331.97 
30‐10‐03  25522.89  1815.25  2849.87  2398.65 
30‐10‐04  26642.72  2175.55  3320.76  2358.03 
30‐10‐05  26633.96  2233.53  3273.53  2315.58 
30‐10‐06  27173.03  2337.59  3579.98  2310.97 
30‐10‐07  27355.93  2354.89  3687.79  2329.06 
30‐10‐08  30544.15  2913.87  5665.10  2272.73 
30‐10‐09  29937.97  3398.96  4585.57  2268.32 
30‐10‐10  30310.75  3442.68  4807.42  2300.09 
30‐10‐11  31812.58  3828.85  5769.05  2204.52 
30‐10‐12  34572.55  4826.94  7041.54  2191.93 
30‐15‐01  37373.89  2399.63  4006.69  3484.68 
30‐15‐02  38526.84  2688.53  4612.11  3408.29 


















30‐15‐03  37645.53  2423.94  4189.85  3501.18 
30‐15‐04  39235.56  2955.39  4781.85  3453.73 
30‐15‐05  39243.44  3046.00  4710.52  3394.59 
30‐15‐06  39930.80  3194.23  5070.16  3386.97 
30‐15‐07  36937.60  2982.53  4859.89  3118.28 
30‐15‐08  42618.20  3954.60  6352.62  3327.56 
30‐15‐09  43947.61  4772.00  6376.04  3340.93 
30‐15‐10  44390.52  4810.72  6667.28  3373.35 
30‐15‐11  46505.58  5401.21  7915.17  3247.13 
30‐15‐12  50494.48  6910.14  9567.94  3243.37 
30‐20‐01  49336.63  3003.76  5210.78  4575.01 
30‐20‐02  50825.41  3384.59  5969.22  4481.62 
30‐20‐03  49694.75  3030.34  5479.96  4591.67 
30‐20‐04  51770.21  3739.05  6178.25  4547.93 
30‐20‐05  51811.05  3861.69  6100.84  4470.19 
30‐20‐06  52610.74  4052.79  6486.10  4457.98 
30‐20‐07  52862.58  4058.16  6684.73  4465.63 
30‐20‐08  56048.92  5059.58  8034.47  4387.92 
30‐20‐09  57971.87  6167.68  8108.29  4422.78 
30‐20‐10  58418.12  6193.80  8433.33  4451.53 
30‐20‐11  61205.30  7016.80  9946.18  4309.76 
30‐20‐12  66494.81  9069.46  11968.88  4323.64 
40‐02‐01  7358.80  1081.77  649.84  690.72 
40‐02‐02  7459.26  1111.23  715.03  684.31 
40‐02‐03  7245.46  1046.52  590.36  690.93 
40‐02‐04  7687.13  1182.37  844.02  682.43 
40‐02‐05  7613.26  1181.43  805.06  664.53 
40‐02‐06  7841.63  1230.68  933.40  677.17 
40‐02‐07  7887.62  1244.29  945.00  687.30 
40‐02‐08  8360.97  1393.14  1219.65  680.83 
40‐02‐09  8612.28  1494.01  1386.63  654.71 
40‐02‐10  8765.86  1548.30  1420.43  683.87 
40‐02‐11  9130.94  1650.68  1686.76  660.89 
40‐02‐12  9946.98  1930.15  2157.22  662.02 
40‐04‐01  13805.14  1301.07  1293.73  1329.94 
40‐04‐02  14009.05  1354.97  1417.80  1312.11 
40‐04‐03  13614.19  1245.13  1193.43  1342.96 
40‐04‐04  14440.13  1482.60  1634.13  1304.22 
40‐04‐05  14270.53  1495.26  1508.06  1276.62 
40‐04‐06  14713.98  1565.97  1780.02  1286.29 
40‐04‐07  14837.07  1591.18  1818.77  1310.65 
40‐04‐08  15727.46  1856.44  2287.86  1288.19 
40‐04‐09  16131.73  2073.80  2439.91  1248.87 
40‐04‐10  16430.49  2145.40  2538.65  1298.56 
40‐04‐11  17113.26  2335.04  3007.49  1244.20 
40‐04‐12  18607.42  2844.42  3767.71  1241.77 
40‐06‐01  20096.18  1573.34  1915.62  1936.78 
40‐06‐02  20399.70  1651.72  2090.94  1908.68 
40‐06‐03  19853.90  1501.11  1781.24  1967.39 
40‐06‐04  21005.64  1833.35  2371.66  1896.94 
40‐06‐05  20800.52  1869.78  2174.33  1873.85 
40‐06‐06  21378.43  1954.31  2546.44  1870.17 
40‐06‐07  21548.05  1979.39  2620.83  1897.44 
40‐06‐08  22796.15  2352.45  3240.06  1859.06 
40‐06‐09  23356.38  2691.14  3345.08  1822.24 
40‐06‐10  23549.20  2695.27  3506.19  1822.24 
40‐06‐11  24733.16  3048.08  4132.08  1803.32 
40‐06‐12  26595.71  3773.55  5106.62  1796.33 
40‐10‐01  32496.53  2119.04  3089.82  3102.44 
40‐10‐02  33007.23  2248.33  3365.36  3063.17 
40‐10‐03  32182.69  2009.27  2930.23  3159.98 
















40‐10‐05  33724.22  2614.87  3472.76  3030.97 
40‐10‐06  34441.10  2726.74  3936.85  3002.99 
40‐10‐07  34688.26  2751.20  4074.59  3030.76 
40‐10‐08  36589.68  3342.74  4925.57  2974.27 
40‐10‐09  37638.11  3999.84  5263.15  3005.68 
40‐10‐10  38074.76  3999.84  5263.15  3005.68 
40‐10‐11  39620.23  4478.04  6124.61  2905.51 
40‐10‐12  42814.29  5647.68  7461.46  2894.94 
40‐15‐01  47886.06  2810.59  4464.95  4557.74 
40‐15‐02  48602.35  2989.98  4854.33  4481.07 
40‐15‐03  47441.39  2635.97  4301.56  4604.63 
40‐15‐04  49946.18  3410.65  5375.12  4457.14 
40‐15‐05  49792.68  3547.53  5031.44  4460.27 
40‐15‐06  50587.57  3693.70  5533.11  4401.89 
40‐15‐07  50880.41  3712.00  5727.28  4426.17 
40‐15‐08  53609.18  4591.46  6824.31  4362.73 
40‐15‐09  55253.43  5494.31  6964.35  4357.79 
40‐15‐10  55839.02  5554.88  7285.46  4387.24 
40‐15‐11  58116.66  6307.05  8414.18  4298.54 
40‐15‐12  62800.14  8082.27  10169.88  4305.57 
40‐20‐01  66307.54  3644.36  6024.98  6297.48 
40‐20‐02  64118.72  3736.19  6257.67  5894.66 
40‐20‐03  62631.95  3262.80  5618.13  6029.47 
40‐20‐04  65909.46  4296.19  6917.79  5873.56 
40‐20‐05  65702.11  4452.84  6539.71  5834.91 
40‐20‐06  66699.80  4674.52  7053.03  5813.58 
40‐20‐07  67012.37  4686.99  7277.53  5830.23 
40‐20‐08  70584.45  5863.41  8612.26  5770.41 
40‐20‐09  73012.47  7099.10  8863.77  5789.39 
40‐20‐10  73627.38  7162.62  9223.99  5849.65 
40‐20‐11  76705.14  7162.62  9223.99  5849.65 
40‐20‐12  83018.24  10632.59  12779.09  5769.81 
50‐02‐01  9010.62  1297.39  720.41  855.30 
50‐02‐02  9068.17  1314.72  759.57  849.44 
50‐02‐03  8803.21  1234.29  604.29  860.04 
50‐02‐04  9293.43  1384.46  918.35  824.79 
50‐02‐06  9521.27  1454.94  1027.95  833.23 
50‐02‐07  9599.39  1479.39  1043.65  851.38 
50‐02‐08  10102.26  1644.05  1326.99  842.60 
50‐02‐09  10260.08  1713.86  1489.46  785.90 
50‐02‐10  10543.48  1819.05  1535.12  847.09 
50‐02‐11  10878.49  1921.21  1790.10  812.85 
50‐02‐12  11792.61  2237.83  2301.02  815.47 
50‐04‐01  16799.47  1515.05  1426.61  1628.49 
50‐04‐02  16924.54  1549.11  1501.01  1616.08 
50‐04‐03  16455.48  1417.30  1223.42  1667.55 
50‐04‐04  17379.99  1690.60  1763.86  1569.09 
50‐04‐06  17756.14  1803.37  1926.97  1573.35 
50‐04‐07  17924.42  1837.05  1979.08  1608.50 
50‐04‐08  18856.81  2132.34  2436.64  1583.65 
50‐04‐09  19177.73  2335.94  2577.63  1509.42 
50‐04‐10  19632.30  2450.84  2703.21  1596.78 
50‐04‐11  20272.89  2661.33  3111.91  1531.72 
50‐04‐12  21894.28  3222.05  3911.30  1523.17 
50‐06‐01  24388.41  1804.14  2099.64  2357.02 
50‐06‐02  24611.88  1861.24  2208.63  2350.85 
50‐06‐03  23923.73  1669.72  1826.05  2428.33 
50‐06‐04  25210.68  2052.85  2554.45  2262.44 
50‐06‐06  25731.01  2219.85  2729.26  2280.20 
50‐06‐07  25995.96  2263.88  2825.19  2331.40 
50‐06‐08  27310.20  2685.52  3411.84  2297.03 
50‐06‐09  27765.49  2999.40  3531.20  2201.05 


















50‐06‐10  28359.04  3124.71  3732.09  2304.13 
50‐06‐11  29279.36  3442.09  4249.60  2218.67 
50‐06‐12  31556.86  4246.60  5275.30  2205.93 
50‐10‐01  39354.79  2391.43  3353.33  3764.87 
50‐10‐02  39710.48  2478.91  3527.76  3748.08 
50‐10‐03  38746.73  2189.45  3001.54  3907.46 
50‐10‐04  40832.83  2827.87  4041.29  3669.40 
50‐10‐06  41427.26  3062.77  4184.63  3663.50 
50‐10‐07  41738.11  3095.64  4345.88  3704.72 
50‐10‐08  43743.88  3758.83  5140.29  3653.11 
50‐10‐09  44837.40  4371.42  5307.95  3592.72 
50‐10‐10  45499.12  4478.93  5594.20  3688.28 
50‐10‐11  47071.45  5043.50  6315.37  3595.15 
50‐10‐12  50605.60  6339.93  7728.20  3574.09 
50‐15‐01  57997.05  3147.02  4809.60  5532.79 
50‐15‐02  58470.43  3266.03  5054.12  5494.79 
50‐15‐03  57184.67  2846.26  4396.70  5731.22 
50‐15‐04  60173.37  3790.28  5774.66  5396.21 
50‐15‐06  61062.10  4165.13  5863.49  5435.27 
50‐15‐07  61514.77  4214.72  6074.18  5498.41 
50‐15‐08  64493.42  5223.19  7115.17  5454.06 
50‐15‐09  66122.50  6107.43  7422.89  5334.94 
50‐15‐10  66876.83  6219.64  7758.04  5442.69 
50‐15‐11  69312.33  7103.21  8746.09  5342.77 
50‐15‐12  74579.60  9087.60  10616.98  5346.28 
50‐20‐01  76512.61  3894.79  6193.00  7282.05 
50‐20‐02  77151.78  4057.33  6494.88  7241.95 
50‐20‐03  75400.49  3478.11  5729.69  7485.03 
50‐20‐04  79457.22  4760.26  7430.33  7129.75 
50‐20‐06  80433.22  5223.51  7474.93  7145.00 
50‐20‐07  80766.27  5238.98  7704.91  7167.11 
50‐20‐08  84710.95  6575.37  8994.75  7139.79 
50‐20‐09  87562.84  7904.63  9475.62  7125.66 
50‐20‐10  88353.92  8012.18  9846.94  7234.26 
50‐20‐11  91734.28  9241.12  11095.70  7143.97 
50‐20‐12  98897.54  11976.87  13430.48  7194.25 
60‐02‐01  10628.07  1504.10  777.61  1014.69 
60‐02‐02  10665.75  1514.76  803.36  1011.15 
60‐02‐03  10357.22  1421.96  615.79  1029.22 
60‐02‐06  11140.50  1667.12  1092.87  982.80 
60‐02‐07  11251.85  1697.71  1115.13  1007.16 
60‐02‐08  11764.17  1881.42  1388.27  1000.94 
60‐02‐09  11994.87  1994.35  1545.28  958.33 
60‐02‐10  12238.51  2073.11  1604.94  1005.99 
60‐02‐11  12505.94  2174.74  1811.78  960.72 
60‐02‐12  13509.09  2526.97  2360.07  966.11 
60‐04‐01  19707.47  1713.07  1526.84  1911.56 
60‐04‐02  19794.15  1733.86  1579.23  1904.65 
60‐04‐03  19266.65  1585.30  1245.81  1985.13 
60‐04‐06  20674.60  2021.60  2013.50  1848.69 
60‐04‐07  20885.98  2059.99  2087.67  1891.10 
60‐04‐08  21818.53  2381.87  2500.61  1868.74 
60‐04‐09  22258.54  2636.37  2648.01  1812.87 
60‐04‐10  22677.91  2724.15  2802.57  1881.04 
60‐04‐11  23235.95  2956.82  3105.30  1812.33 
60‐04‐12  25006.10  3580.06  3941.23  1807.34 
60‐06‐01  28556.37  2015.08  2233.49  2757.18 
60‐06‐02  28696.81  2046.75  2312.54  2748.49 
60‐06‐03  27981.56  1839.74  1863.32  2890.51 
60‐06‐06  29937.13  2465.54  2835.97  2680.55 
60‐06‐07  30192.49  2956.93  3476.08  2691.75 
















60‐06‐09  32246.83  3358.46  3644.31  2640.42 
60‐06‐10  32736.74  3439.15  3863.89  2707.82 
60‐06‐11  33632.49  3809.72  4253.58  2635.11 
60‐06‐12  36093.32  4692.55  5318.16  2619.42 
60‐10‐01  46037.63  2640.40  3535.05  4404.72 
60‐10‐02  46273.72  2691.29  3663.91  4391.19 
60‐10‐03  45233.28  2362.10  3055.81  4630.94 
60‐10‐06  48213.93  3371.09  4334.87  4311.25 
60‐10‐07  48524.98  3398.96  4511.07  4346.98 
60‐10‐08  50637.99  4133.89  5241.38  4319.50 
60‐10‐09  52070.81  4831.36  5526.47  4282.93 
60‐10‐10  52619.08  4901.62  5807.94  4346.27 
60‐10‐11  54242.20  5548.53  6397.46  4271.02 
60‐10‐12  58164.80  6999.85  7876.22  4268.16 
60‐15‐01  67787.79  3441.04  5039.05  6465.45 
60‐15‐02  68120.40  3513.85  5216.34  6443.50 
60‐15‐03  66659.59  3018.20  4469.63  6762.22 
60‐15‐06  70997.90  4529.08  6090.65  6362.01 
60‐15‐07  71329.19  4551.56  6295.62  6395.76 
60‐15‐08  74494.69  5651.37  7288.28  6388.75 
60‐15‐09  76929.25  6731.34  7778.52  6370.78 
60‐15‐10  77506.65  6793.16  8096.61  6431.03 
60‐15‐11  80176.68  7819.60  8960.18  6378.36 
60‐15‐12  85997.97  10016.65  10939.02  6393.02 
60‐20‐01  89568.00  4262.20  6471.78  8564.62 
60‐20‐02  89971.85  4356.36  6682.83  8531.53 
60‐20‐03  88083.40  3687.82  5819.65  8911.44 
60‐20‐06  93867.23  5720.98  7783.95  8459.59 
60‐20‐07  94153.14  5728.73  7998.39  8473.99 
60‐20‐08  98484.26  7219.55  9259.66  8504.92 
60‐20‐09  102019.8  8708.81  9975.04  8527.40 
60‐20‐10  1026289.  8769.72  10315.52  8591.67 
60‐20‐11  106362.8  10180.71  11456.46  8549.75 
60‐20‐12  114361.8  13221.90  13948.21  8630.59 
70‐02‐01  12202.52  1697.13  826.95  1163.86 
70‐02‐02  12248.26  1710.17  845.36  1169.10 
70‐02‐03  11902.75  1607.25  626.65  1195.54 
70‐02‐06  12693.86  1697.13  826.95  1163.86 
70‐02‐07  12842.01  1906.53  1164.28  1158.34 
70‐02‐08  13313.83  2100.44  1382.42  1151.63 
70‐02‐09  13548.08  2217.12  1544.50  1100.63 
70‐02‐10  13837.93  2304.41  1624.81  1156.23 
70‐02‐11  14004.15  2420.64  1726.14  1110.25 
70‐02‐12  15106.69  2800.90  2323.10  1114.54 
70‐04‐01  22519.68  1891.83  1601.23  2172.36 
70‐04‐02  22619.60  1910.23  1652.08  2178.83 
70‐04‐03  22046.29  1746.61  1267.69  2289.05 
70‐04‐06  23482.63  2220.30  2049.70  2112.25 
70‐04‐07  23713.66  2259.22  2140.27  2154.18 
70‐04‐08  24603.14  2602.68  2475.86  2138.84 
70‐04‐09  25139.32  2884.25  2652.53  2083.35 
70‐04‐10  25553.24  2961.84  2825.51  2145.82 
70‐04‐11  26027.18  3233.31  2986.91  2089.23 
70‐04‐12  27920.74  3893.64  3863.53  2076.85 
70‐06‐01  32591.80  2204.97  2321.05  3130.38 
70‐06‐02  32735.20  2228.33  2400.15  3134.95 
70‐06‐03  31979.83  1999.22  1899.09  3325.13 
70‐06‐06  33992.89  2686.06  2879.08  3062.85 
70‐06‐07  34251.99  2716.58  3009.51  3097.77 
70‐06‐08  35562.12  3207.82  3455.42  3081.84 
70‐06‐09  36484.67  3653.07  3688.21  3037.28 
70‐06‐10  36928.76  3716.28  3908.58  3092.56 


















70‐06‐11  37787.75  4145.67  4156.78  3040.31 
70‐06‐12  40443.70  5093.04  5262.33  3023.78 
70‐10‐01  52550.83  2866.51  3645.14  5016.42 
70‐10‐02  52747.28  2897.74  3761.98  5013.81 
70‐10‐03  51635.36  2523.50  3103.35  5318.51 
70‐10‐06  54817.71  3647.10  4418.21  4937.43 
70‐10‐07  55100.90  3670.35  4583.19  4965.31 
70‐10‐08  57309.68  4468.36  5254.07  4966.42 
70‐10‐09  59056.03  5226.17  5664.51  4933.05 
70‐10‐10  59517.09  5275.43  5925.11  4979.82 
70‐10‐11  61236.21  6023.64  6389.67  4948.18 
70‐10‐12  65488.74  7582.43  7929.02  4938.69 
70‐15‐01  77453.71  3721.10  5185.62  7396.91 
70‐15‐02  77687.30  3761.38  5328.04  7382.07 
70‐15‐03  76119.46  3194.92  4525.04  7790.54 
70‐15‐06  80887.39  4890.73  6244.54  7318.50 
70‐15‐07  81171.92  4912.06  6414.31  7351.51 
70‐15‐08  84508.35  6094.90  7374.23  7361.68 
70‐15‐09  87440.12  7272.73  8046.32  7363.64 
70‐15‐10  87923.50  7320.33  8321.18  7411.42 
70‐15‐11  90820.90  8488.81  9081.90  7411.91 
70‐15‐12  97276.43  10890.98  11157.77  7450.03 
70‐20‐01  102420.56  4600.12  6661.20  9820.50 
70‐20‐02  102702.60  4653.52  6822.24  9806.56 
70‐20‐03  100615.32  3881.04  5886.70  10286.44 
70‐20‐06  107068.73  6172.32  8008.98  9756.36 
70‐20‐07  107305.99  6178.31  8189.58  9765.04 
70‐20‐08  111926.17  7785.48  9444.77  9827.08 
70‐20‐09  116152.30  9417.13  10377.58  9888.72 
70‐20‐10  116647.86  9460.29  10670.36  9934.30 
70‐20‐11  120739.19  11059.66  11719.63  9959.87 
70‐20‐12  129644.05  14386.96  14351.87  10077.36 
80‐02‐01  13688.58  1866.76  855.43  1292.45 
80‐02‐02  13783.78  1894.05  876.33  1314.36 
80‐02‐03  13433.64  1788.66  635.79  1357.02 
80‐02‐06  14185.00  2051.16  1129.37  1260.77 
80‐02‐07  14328.80  2088.53  1171.74  1291.11 
80‐02‐08  14735.78  2267.71  1372.30  1266.47 
80‐02‐09  14988.94  2422.10  1481.18  1235.16 
80‐02‐10  15275.38  2501.59  1573.04  1286.26 
80‐02‐11  15616.77  2657.13  1760.59  1255.90 
80‐02‐12  16491.95  3035.23  2171.79  1247.17 
80‐04‐01  25197.40  2047.72  1633.23  2403.68 
80‐04‐02  25346.87  2071.84  1695.11  2427.65 
80‐04‐03  24783.30  1900.04  1284.26  2578.58 
















80‐04‐08  27208.79  2776.71  2414.17  2366.02 
80‐04‐09  27880.53  3109.08  2601.38  2340.71 
80‐04‐10  28205.83  3161.68  2756.66  2382.25 
80‐04‐11  28943.80  3484.94  3033.53  2348.83 
80‐04‐12  30634.55  4178.38  3684.84  2336.49 
80‐06‐01  36466.59  2371.62  2352.52  3472.23 
80‐06‐02  36637.77  2393.12  2441.49  3487.65 
80‐06‐03  35906.70  2148.92  1921.97  3735.61 
80‐06‐06  37910.31  2884.34  2864.65  3426.30 
80‐06‐07  38130.04  2909.56  2977.95  3455.25 
80‐06‐08  39406.25  3412.98  3378.78  3426.85 
80‐06‐09  40825.62  4003.92  3673.56  3505.46 
80‐06‐10  40871.08  3954.54  3855.81  3445.40 
80‐06‐11  42054.80  4446.57  4235.77  3421.82 
80‐06‐12  44562.34  5450.46  5123.35  3407.83 
80‐10‐01  58862.60  3065.67  3686.53  5590.19 
80‐10‐02  59056.29  3088.86  3793.70  5599.22 
80‐10‐03  57942.26  2602.72  3126.42  5758.99 
80‐10‐06  61278.76  3898.62  4445.16  5547.37 
80‐10‐07  61478.57  3915.66  4562.71  5564.45 
80‐10‐08  63724.35  4745.00  5206.78  5555.25 
80‐10‐09  65837.38  5587.79  5738.38  5566.15 
80‐10‐10  66174.18  5621.26  5934.21  5596.21 
80‐10‐11  68290.68  6451.07  6545.60  5593.73 
80‐10‐12  72547.11  8114.66  7904.40  5596.44 
80‐15‐01  86907.41  3973.77  5260.00  8290.43 
80‐15‐02  87099.74  3999.53  5365.97  8292.49 
80‐15‐03  85458.24  3361.21  4551.18  8774.92 
80‐15‐06  90591.84  5220.44  6330.51  8256.80 
80‐15‐07  90792.13  5236.81  6446.00  8274.89 
80‐15‐08  94291.63  6485.01  7401.90  8285.29 
80‐15‐09  97732.06  7780.49  8243.14  8346.46 
80‐15‐10  98058.41  7806.63  8440.69  8371.26 
80‐15‐11  101456.59  9089.47  9352.58  8405.44 
80‐15‐12  108202.99  11681.66  11308.09  8480.16 
80‐20‐01  115060.44  4907.84  6785.04  11045.81 
80‐20‐02  115259.04  4938.98  6885.49  11047.28 
80‐20‐03  113024.71  4065.81  5913.83  11622.41 
80‐20‐06  120054.04  6581.00  8171.86  11025.45 
80‐20‐07  120245.47  6593.41  8290.19  11037.60 
80‐20‐08  125139.22  8297.72  9562.50  11105.96 
80‐20‐09  130001.40  10071.66  10709.47  11225.97 
80‐20‐10  130352.18  10102.94  10912.31  11255.94 
80‐20‐11  135185.98  11884.82  12128.99  11354.55 




12.12 Matrix table for ECGU. 
Urban Texture Variables Envelope Conduction Gain Unit (ECGU) in Wh m-4 




Sky View Factor (SVF) 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 MIN MAX 
0.05 
2 0.91 1.82 9090.91 0.0372 0.0471 0.0541       0.1 0.32 
4 0.83 3.33 8333.33 0.0299 0.0379 0.0435       0.1 0.31 
6 0.77 4.62 7692.31 0.0263 0.0333 0.0383       0.1 0.30 
8 0.71 5.71 7142.86 0.0241 0.0304 0.0349 0.0385      0.1 0.40 
10 0.67 6.67 6666.67 0.0224 0.0284 0.0326 0.0359      0.1 0.38 
12 0.63 7.50 6250.00 0.0212 0.0268 0.0308 0.0339      0.1 0.37 
14 0.59 8.24 5882.35 0.0202 0.0255 0.0293       0.1 0.28 
16 0.56 8.89 5555.56 0.0193 0.0245 0.0281       0.1 0.28 
18 0.53 9.47 5263.16 0.0186 0.0236 0.0271       0.1 0.27 
20 0.50 10.00 5000.00 0.0180 0.0228 0.0262       0.1 0.32 
22 0.48 10.48 4761.90 0.0175 0.0221 0.0254       0.1 0.32 
24 0.45 10.91 4545.45 0.0170 0.0215 0.0247       0.1 0.26 
26 0.43 11.30 4347.83 0.0166 0.0210 0.0241       0.1 0.26 
28 0.42 11.67 4166.67 0.0162 0.0205 0.0236       0.1 0.26 
30 0.40 12.00 4000.00 0.0159 0.0201 0.0230       0.1 0.31 
0.10 
2 0.83 1.67 8333.330 0.05838 0.07388 0.08479 0.09350 0.10086     0.12 0.52 
4 0.71 2.86 7142.860 0.04693 0.05939 0.06817 0.07517 0.08109     0.11 0.49 
6 0.63 3.75 6250.000 0.04131 0.05228 0.06000 0.06616 0.07137     0.11 0.47 
8 0.56 4.44 5555.560 0.03773 0.04775 0.05480 0.06043 0.06519     0.12 0.54 
10 0.50 5.00 5000.000 0.03517 0.04451 0.05108 0.05633 0.06076     0.12 0.51 
12 0.45 5.45 4545.450 0.03321 0.04203 0.04823 0.05318      0.09 0.43 
14 0.42 5.83 4166.670 0.03163 0.04003 0.04595 0.05067      0.08 0.42 
16 0.38 6.15 3846.150 0.03033 0.03839 0.04406 0.04858      0.08 0.41 
18 0.36 6.43 3571.430 0.02923 0.03699 0.04245 0.04681 0.05050     0.08 0.46 
20 0.33 6.67 3333.330 0.02827 0.03578 0.04107 0.04528 0.04885     0.08 0.45 
22 0.31 6.88 3125.000 0.02744 0.03472 0.03985 0.04394      0.07 0.40 
24 0.29 7.06 2941.180 0.02670 0.03379 0.03878 0.04276      0.07 0.39 
26 0.28 7.22 2777.780 0.02603 0.03294 0.03781 0.04169      0.07 0.39 
28 0.26 7.37 2631.580 0.02543 0.03218 0.03694 0.04073      0.07 0.42 




Urban Texture Variables Envelope Conduction Gain Unit (ECGU) in Wh m-4 




Sky View Factor (SVF) 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 MIN MAX 
0.50 
 
2 0.50 1.00 5000.000    0.26577 0.28671 0.30503 0.32143 0.33635  0.39 0.81 
4 0.33 1.33 3333.333    0.21366 0.23049 0.24522 0.25840 0.27040  0.36 0.80 
6 0.25 1.50 2500.000   0.17054 0.18805 0.20286 0.21583 0.22743 0.23799  0.32 0.76 
8 0.20 1.60 2000.000   0.15577 0.17177 0.18530 0.19714 0.20774 0.21738  0.32 0.77 
10 0.17 1.67 1666.667   0.14520 0.16011 0.17272 0.18376 0.19364 0.20263  0.33 0.76 
12 0.14 1.71 1428.571   0.13710 0.15118 0.16309 0.17351 0.18284   0.3 0.73 
14 0.13 1.75 1250.000   0.13061 0.14402 0.15536 0.16529 0.17417   0.3 0.71 
16 0.11 1.78 1111.111   0.12523 0.13809 0.14896 0.15848 0.16700   0.31 0.71 
18 0.10 1.80 1000.000   0.12067 0.13306 0.14354 0.15271 0.16092   0.33 0.73 
20 0.09 1.82 909.091   0.11673 0.12872 0.13886 0.14773 0.15567   0.33 0.73 
22 0.08 1.83 833.333   0.11328 0.12491 0.13475 0.14336 0.15107   0.32 0.69 
24 0.08 1.85 769.231   0.11022 0.12154 0.13111 0.13949 0.14699   0.33 0.69 
26 0.07 1.86 714.286   0.10748 0.11851 0.12785 0.13601 0.14333   0.34 0.68 
28 0.07 1.87 666.667    0.11578 0.12490 0.13288 0.14002 0.14652  0.36 0.69 
30 0.06 1.88 625.000    0.11329 0.12221 0.13002 0.13701 0.14337  0.37 0.70 
1.00 
2 0.33 0.67 3333.333     0.44961 0.47834 0.50406 0.52746 0.54899 0.54 0.89 
4 0.20 0.80 2000.000     0.36145 0.38455 0.40523 0.42403 0.44135 0.48 0.86 
6 0.14 0.86 1428.571     0.31813 0.33846 0.35666 0.37321  0.45 0.84 
8 0.11 0.89 1111.111    0.26936 0.29058 0.30915 0.32577 0.34089  0.44 0.84 
10 0.09 0.91 909.091    0.25109 0.27086 0.28817 0.30367 0.31776  0.44 0.84 
12 0.08 0.92 769.231    0.23708 0.25575 0.27209 0.28672 0.30003  0.42 0.8 
14 0.07 0.93 666.667    0.22585 0.24363 0.25920 0.27314 0.28582  0.42 0.8 
16 0.06 0.94 588.235    0.21655 0.23360 0.24853 0.26189 0.27405  0.4 0.8 
18 0.05 0.95 526.316    0.20866 0.22510 0.23948 0.25236 0.26407  0.4 0.79 
20 0.05 0.95 476.190    0.20185 0.21775 0.23167 0.24412 0.25545  0.42 0.79 
22 0.04 0.96 434.783    0.19589 0.21131 0.22482 0.23691 0.24790  0.42 0.77 
24 0.04 0.96 400.000    0.19059 0.20560 0.21874 0.23050 0.24120  0.43 0.77 
26 0.04 0.96 370.370    0.18585 0.20049 0.21330 0.22477 0.23520  0.43 0.77 
28 0.03 0.97 344.828     0.19586 0.20838 0.21958 0.22977  0.46 0.78 




Urban Texture Variables Envelope Conduction Gain Unit (ECGU) in Wh m-4 




Sky View Factor (SVF) 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 MIN MAX 
1.50 
2 0.25 0.50 2500.000      0.62236 0.65582 0.68626 0.71428 0.6 0.93 
4 0.14 0.57 1428.571     0.47028 0.50033 0.52723 0.55170 0.57422 0.54 0.88 
6 0.10 0.60 1000.000     0.41391 0.44036 0.46404 0.48557 0.50540 0.51 0.86 
8 0.08 0.62 769.231     0.37806 0.40222 0.42385 0.44352 0.46163 0.51 0.87 
10 0.06 0.63 625.000     0.35241 0.37493 0.39509 0.41343  0.52 0.86 
12 0.05 0.63 526.316     0.33275 0.35401 0.37305 0.39036  0.49 0.84 
14 0.05 0.64 454.545     0.31698 0.33724 0.35537 0.37187  0.5 0.83 
16 0.04 0.64 400.000     0.30393 0.32336 0.34074 0.35656  0.5 0.82 
18 0.04 0.64 357.143     0.29287 0.31158 0.32834 0.34358  0.52 0.83 
20 0.03 0.65 322.581     0.28331 0.30142 0.31762 0.33236  0.53 0.83 
22 0.03 0.65 294.118     0.27494 0.29250 0.30823 0.32254  0.49 0.81 
24 0.03 0.65 270.270     0.26750 0.28460 0.29990 0.31382  0.5 0.81 
26 0.03 0.65 250.000     0.26085 0.27752 0.29244 0.30601  0.51 0.81 
28 0.02 0.65 232.558     0.25483 0.27111 0.28569 0.29895  0.52 0.82 
30 0.02 0.65 217.391     0.24935 0.26529 0.27955 0.29253  0.53 0.82 
2.00 
2 0.20 0.40 2000.000      0.75014 0.79047 0.82716 0.86093 0.67 0.92 
4 0.11 0.44 1111.111      0.60305 0.63547 0.66497 0.69212 0.59 0.91 
6 0.08 0.46 769.231      0.53077 0.55931 0.58527 0.60916 0.56 0.91 
8 0.06 0.47 588.235     0.45568 0.48480 0.51087 0.53458 0.55641 0.54 0.89 
10 0.05 0.48 476.190     0.42477 0.45191 0.47621 0.49831 0.51865 0.54 0.89 
12 0.04 0.48 400.000     0.40107 0.42670 0.44964 0.47051 0.48972 0.52 0.89 
14 0.03 0.48 344.828     0.38206 0.40648 0.42834 0.44822 0.46652 0.52 0.85 
16 0.03 0.48 303.030     0.36633 0.38974 0.41070 0.42976 0.44731 0.53 0.85 
18 0.03 0.49 270.270     0.35300 0.37555 0.39575 0.41411 0.43102 0.54 0.85 
20 0.02 0.49 243.902      0.36330 0.38283 0.40060  0.55 0.84 
22 0.02 0.49 222.222      0.35256 0.37151 0.38876  0.55 0.84 
24 0.02 0.49 204.082      0.34303 0.36147 0.37825  0.55 0.83 
26 0.02 0.49 188.679      0.33449 0.35248 0.36884  0.55 0.83 
28 0.02 0.49 175.439      0.32678 0.34435 0.36033  0.57 0.84 




12.13 Matrix table for SGU. 





FAR ST OSR 
Sky View Factor (SVF) 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 MIN MAX 
0.2 2000 
1 5 0.80    0.2943 0.3289 0.3603 0.3891 0.4160  0.45 0.83 
2 12 0.33   0.1453 0.1678 0.1876 0.2054 0.2219   0.25 0.66 
3 15 0.27 0.0728 0.1029 0.1259 0.1454 0.1625 0.1780    0.17 0.61 
4 20 0.20 0.0605 0.0855 0.1047 0.1209 0.1351 0.1480    0.17 0.55 
5 25 0.16 0.0524 0.0741 0.0907 0.1048 0.1171     0.15 0.48 
6 30 0.13 0.0466 0.0659 0.0807 0.0932      0.15 0.44 
7 35 0.11 0.0422 0.0597 0.0731 0.0844      0.13 0.41 
8 40 0.10 0.0388 0.0548 0.0671 0.0775      0.13 0.40 
9 45 0.09 0.0360 0.0508 0.0622 0.0719      0.13 0.37 
10 50 0.08 0.0336 0.0475 0.0582 0.0672      0.13 0.35 
11 55 0.07 0.0316 0.0447 0.0547       0.11 0.34 
12 60 0.07 0.0299 0.0423 0.0517       0.11 0.34 
0.4 4000 
1 2.50 0.60     0.2237 0.2451 0.2647 0.2829  0.49 0.83 
2 5.00 0.30   0.1111 0.1283 0.1434 0.1571 0.1697   0.30 0.71 
3 7.50 0.20  0.0700 0.0857 0.0989 0.1106 0.1211    0.19 0.61 
4 10.00 0.15  0.0582 0.0712 0.0822 0.0919 0.1007    0.15 0.58 
5 12.50 0.12 0.0357 0.0504 0.0617 0.0713 0.0797     0.13 0.46 
6 15.00 0.10 0.0317 0.0448 0.0549 0.0634      0.11 0.41 
7 17.50 0.09 0.0287 0.0406 0.0497 0.0574      0.09 0.38 
8 20.00 0.08 0.0264 0.0373 0.0457 0.0527      0.09 0.39 
9 22.50 0.07 0.0245 0.0346 0.0423 0.0489      0.08 0.31 
10 25.00 0.06 0.0229 0.0323 0.0396 0.0457      0.09 0.29 
11 27.50 0.05 0.0215 0.0304 0.0372 0.0430      0.07 0.28 










FAR ST OSR 
Sky View Factor (SVF) 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 MIN MAX 
0.6 6000 
1 1.67 0.40     0.1786 0.1956 0.2113 0.2258  0.47 0.80 
2 3.33 0.20   0.0887 0.1024 0.1145 0.1254    0.29 0.64 
3 5.00 0.13 0.0395 0.0558 0.0684 0.0789 0.0882 0.0967    0.18 0.55 
4 6.67 0.10 0.0328 0.0464 0.0569 0.0656 0.0734     0.15 0.51 
5 8.33 0.08 0.0285 0.0402 0.0493 0.0569      0.12 0.40 
6 10.00 0.07 0.0253 0.0358 0.0438       0.11 0.34 
7 11.67 0.06 0.0229 0.0324 0.0397       0.11 0.30 
8 13.33 0.05 0.0211 0.0298 0.0364       0.08 0.34 
9 15.00 0.04 0.0195 0.0276 0.0338       0.07 0.25 
10 16.67 0.04 0.0182 0.0258        0.07 0.23 
11 18.33 0.04 0.0172 0.0243        0.05 0.21 
12 20.00 0.03 0.0162 0.0229        0.05 0.23 
0.8 2000 
1 1.25 0.20   0.1179 0.1361 0.1522 0.1667 0.1800   0.34 0.70 
2 2.50 0.10  0.0617 0.0756 0.0873 0.0976     0.24 0.51 
3 3.75 0.07 0.0337 0.0476 0.0583 0.0673      0.15 0.38 
4 5.00 0.05 0.0280 0.0396 0.0484 0.0559      0.11 0.39 
5 6.25 0.04 0.0243 0.0343 0.0420       0.10 0.25 
6 7.50 0.03 0.0216 0.0305        0.08 0.21 
7 8.75 0.03 0.0195 0.0276        0.06 0.20 
8 10.00 0.03 0.0179         0.06 0.20 
9 11.25 0.02 0.0166         0.05 0.14 
10 12.50 0.02 0.0155         0.05 0.13 
11 13.75 0.02 0.0146         0.03 0.12 




12.14 Energy consumption calculation 
PRECINCT DATA 
FAR/Plot Ratio   : 10 
Block Area (buildable)  : 63,000 m2 
Max gross floor area (GFA)  : 630,000 m2 
 
AIR CONDITIONING SYSTEM 
Air Conditioning type   : Central chilled water plant 
Design System Efficiency (DSE) : 0.7 kW/RT (1 RT = 3.5168525 kW) 
Mechanical fan system  : 0.67 W per m3/h (Variable Air Volume type) 
(Sensible cooling load was obtained using the thermal load models) 
 
OCCUPANCY 
Occupancy density (office)  : 10 m2/person 
Operating hours   : 55 hours/week 
People Ventilation Rate  : 5.5 l/s or 19.8 m3/h (CMH) 
Number of people   : Gross Floor Area/10 m2 = 63,000 pax 
 
POWER BUDGET 
Lighting Power density  : 15 W/m2 





































































































































mass  118165  23519  23903  27027  28829  103277  163.93 
2 
2‐
mass  119357  23756  23903  27027  28829  103515  164.31 
3 
4‐




mass  102615  20424  23903  27027  28829  100182  159.02 
5 
2‐
mass  104565  20812  23903  27027  28829  100570  159.64 
6 
4‐




mass  91979  18307  23903  27027  28829  98065  155.66 
8 
2‐
mass  94853  18879  23903  27027  28829  98637  156.57 
9 
4‐
mass  93565  18623  23903  27027  28829  98381  156.16 
 
Notes: 
T Annual cooling load (MWh), using thermal load model for sensible cooling load. 
A 
Annual energy consumption for air conditioning (water side), using the T value and 
Design System Efficiency (DSE) of 0.7 kW/RT which the converted into kW value. 
Hence: 
(T x DSE) / 3.517  
B 
Annual energy consumption for air conditioning (water side) 
Several steps and assumptions are required to obtain this output: 
People Ventilation Rate 
District occupancy = 630,000 m2/10 m2 = 63,000 people 
Fresh air requirement = 63,000 x 19.8 CMH = 1,247,400 CMH 
Mechanical Fan System energy consumption 
Then, it is assumed that the fresh air requirement for occupants counts 10% from 




Total air circulation = 11,247,400 CMH 
Energy consumption for air conditioning (air side) is using the mechanical fan 
system efficiency of 0.67 W/CMH (Variable Air Volume type): 
1,247,400 CMH x 0.67 W/CMH = 8,357,580 W 
Hence, the annual energy consumption for mechanical fan system: 
8,357,580 W x 55 hours x 52 weeks x 10-6 = 23,902.68 MWh 
C 
Annual energy consumption for lighting, uses the lighting power density (15 W/m2) 
C = Floor Area x 15 W/m2 x 55 hours x 52 weeks x 10-6 = 27,027 MWh 
D 
Annual energy consumption for equipment, uses the equipment power density (16 
W/m2) 






12.15 Reviewers’ Comment 
Reviewer #1 
# Comments Responses 
1 Author listed out a few typology of urban 
morphology. In order to illustrate the 
realistic nature of these choices, author 
should draw a parallel with any real 
world example, as much as possible. 
Real world example of typical city grids 
of commercial district has been 
displayed in Figure 3.3.  
2 All equations should not be labelled as, 
say, "equation 1.2", but the conventional 
format can be followed, that is, (1). 
Equation labels have been revised 
3 Author used STEVE tool to deploy 10 
measurement points. How and why are 
these chosen? 
• There was a mistake regarding the 
number of measurement points. It is 
supposed to be 39 points. 10 was 
the number of points that was 
implemented back at the initial stage, 
then it was changed to 39 points to 
obtain more accurate information 
from the whole precinct (see Figure 
3.12). 
• The main criterion is that these 
points’ locations need to be fixed for 
all the scenarios. Also, it is important 
to avoid. Hence, these points are 
deployed mostly at street canyons, 
16 at the perimeter, and additional 
11 at the center.  
• The remaining 12 are located at the 
site boundary lines. There are no 
points deployed at the within the site 
as to avoid the possibility where 
there is a measurement point located 
under a building mass. 
4 • Throughout this thesis, STEVE tool 
was mentioned and indeed this 
formed an important part of the 
Both STEVE tool description and its 




# Comments Responses 
research methodology. Author 
should add a brief description on the 
concept behind STEVE tool. 
• Since STEVE tool is used and once 
again included throughout chapter 4, 
it is important to note the 
weaknesses of STEVE as well. This 
is important since author's own work 




5 Equation 3.9 
Mathematical expressions were given for 
(Kd)t. It is useful for author to reflect on 
the physical implications, that is, write in 
full what these mean and their relevance 
to the study at hand. 
 The purpose of using this model is to 
obtain both diffuse and direct 
radiation for simulation purpose. This 
is mainly because local 
meteorological stations measure 
only the hourly or daily values of 
global radiation. Hawlader 
developed a method of estimating 
the diffuse component from the 
measured values of global radiation. 
Once the ratio of diffuse component 
or (Kd)h is known, the magnitude of 
the beam component can easily be 
obtained by subtracting the diffuse 
component from the global radiation 
values.  
 Hence, before running the 
simulation, the weather data 
template for each scenario has been 
equipped with proper diffuse and 
direct radiation component which 
refers on the recorded local weather 
data.  
6 Figure 3.17 
It is not well explained. Author should 
use one of the graphs as example, and 
explain in details what it means and its 
 The graphs refer to the occupancy 
and schedule profile of lighting, 
equipment, and infiltration. The X-




# Comments Responses 
overall implication to the study. while the Y-axis refers to the 
magnitude of the occupancy/usage. 
 These boundary conditions are kept 
fixed for all IES simulation scenarios, 
and in accordance to codes of 
practice in of office in Singapore 
7 Author mentioned that window-to-wall 
ratio is fixed at 0.5 Although this is taken 
as a constant, it is important to make a 
note why this is reasonable assumption 
and constant. 
The 0.5 WWR was obtained based on 
the survey data from 27 office buildings 
around Singapore CBD. The average of 
WWR from all these buildings is around 
0.5. Hence, 0.5 WWR was considered as 
the assumption for the envelope 
condition of the scenario models. 
8 The differences between ENVI-met and 
STEVE tool results need to be 
elaborated further. 
A more detail observation on the 
differences between ENVI-met and 
STEVE tool has been published into 
journal paper (Wong et al., 2012) 
9 Ch 5.2.2 
 Author uses random selection to pick 
the random scenarios.  
 In some cases, complete random 
selection may not be the best option. 
 Author needs to explain whether 
specific parameters are fixed and 
controlled randomization is done 
instead, and justify doing so.  
 For example, as shown in figure 5.8, 
why is the height of all the buildings 
the same? It seems that some form 
of controlled randomization has in 
fact been done and so author needs 
to specifically explain this in this 
chapter. 
 By looking at Table 5.2, there are 3 
criterions on selecting the scenarios: 
(1) The smallest site coverage and 
the most compact scenario, which is 
20-20-01. (2) No 2-6 are the selected 
scenarios which have similar surface 
area. (3) No 7-11 are the selected 
scenarios which have the same 
GFA. Buildings height has been kept 
fixed each scenario. 
 These criterions on selecting the 
scenarios are based on the 
assumption that urban layout with 
similar GFA or envelope surface 
area may yield different impact on its 
outdoor temperature. 
10 The denominator is "total GFA" and "total 
surface area". Is there any double-
No, there is no double counting of area. 
This is because total GFA refers to the 




# Comments Responses 
counting of area? summation of envelope area (walls and 
rooftop). 
11 Figure 5.19 contains many graphs. 
Author needs to highlight the key points - 
especially any differences- in the link 
between the x and y variables. 
 These graphs are the scatter plots to 
see the relationship between 
different urban texture variables (X-
axis) and the dependent variables 
(SCL, ECG, SG, and FAIG). They 
show several variables which has 
strong correlation between them. 
 More importantly, these scatter plots 
highlight that there some who have 
strong curvilinear relationship, and 
some linear ones.  
12  This line "do not have issues 
regarding correlation signs, ... ", 
needs to be re-written so that it is 
more appropriate for an academic 
publication. 
 Assessment of table 6.3 and similar 
tables requires more description. 
Foremost, taking table 6.3 in 
particular, although the first model 
was chosen but one may also argue 
that, to some extent, second model 
is just as good and even more 
"powerful" than the first because 
rand R2 are comparable with the first 
model. 
 Author highlighted the fact that "B" 
and "r" having different signs as a 
reason to ignore the associated 
model. Why is this a criterion? 
Explanation is needed. 
 Bottom of the page, author said that 
"logC appears to have different 
signs" and it is ignored in the 
subsequent regression. Why is this 
 That particular line has been 
accepted in the statistic field as 
common explanation to denote the 
different correlation signs. 
 The second model was not chosen 
due to behavior of the models’ 
variables (the Beta coefficients (B) 
and Pearson Correlation (r), showed 
contradicting trends). 
 The correlation coefficient (r) 
measures the strength of linear 
relationship between two variables 
and is bounded between -1 and 1, 
inclusive. Correlations close to zero 
represent no linear association 
between the variables, whereas 
correlations close to -1 or +1 indicate 
strong linear negative or positive 
relationship, respectively.  
 The Beta coefficient or regression 
slope (B) measures the "steepness" 
of the linear relationship between 
two variables and can take any value 
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the case? What is the physical 
implication of omitting "C"? 
mean that the response (Y) variable 
changes slowly as the predictor (X) 
variable changes. Slopes that are 
further from zero (either in the 
negative or positive direction) mean 
the response changes more rapidly 
as the predictor changes.  
 So, with these descriptions, the B 
and r should have the same sign (+ 
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1 Ch 2.6 
I do not see how the reservation 
expressed in the last paragraph is 
material when one only needs to 
estimate the boundary conditions of the 
building to be simulated. This only 
requires the basic building geometries. 
Am I missing something? 
Apart from basic building geometries, 
building energy simulation (which usually 
is done at the latter stage of the design 
process) requires other data such as 
envelope constructions, interior 
materials, air conditioning system, 
lighting type, or even the occupancy 
schedule. These boundary conditions 
are required to obtain an optimum 
accuracy of the result. 
2  On "knowledge gaps", I found the 
statements over simplistic.  
 Without demonstrating how the 
student appreciates the latest 
advances in coupled simulation 
techniques, statement 1 and 2 are a 
bit blatant.  
 In addition, these days, statement 3 
is also not too accurate. In the field 
of urban climatology, there are 
known methods, and there are 
Knowledge gaps have been revised and 
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already many studies.  
 Statement 4 and 5 may be the keys 
to the study. 
3 Ch 3.5.2 
The mathematical working of 3.5.2 is, to 
me, inappropriate. The method was not 
developed and should never be used to 
estimate the temperature variations 
within the street canyon. But on the other 
hand, for a tall building urban context in 
the tropics, the data is not available. 
Although the method is not perfect, but 
currently it is the only way to transform 
the Tmax, Tmin, and Tavg from STEVE 
into a 24-hour profile, with referring to 
the recorded temperature from MET 
station. Furthermore, this method at least 
acknowledges the temperature variation 
in the urban canyons due to building 
geometry and the surroundings. 
4 Figure 4.3 – 4.4 
How are the days "selected"? How about 
other days of the measurement period? 
The days are selected based on the 
weather condition. STEVE was 
developed by using clear and calm days’ 
data. Hence, only days which meet these 
criterions were selected for comparison. 
The graphs displayed in Fig. 4.3 – 4.4 
are the examples of a clear and calm 
day weather condition. Meanwhile Fig. 
4.5 – 4.6 use all filtered clear and calm 
days. 
5 I wonder why the STEVE and Envimet 
comparison cannot be done using a few 
of the scenarios that were previously 
defined. Instead it uses a model of 5 
buildings. Please explain. 
This comparison is a mini research study 
which was done at the early stage of the 
PhD, before the parametric approach on 
developing the scenarios was 
established. 
6  It seems that only the temperature of 
the weather file is modified in the 
simulation, correct? How about 
wind? If only temperature is 
considered, then the observations in 
p.127 are obvious.  
 And if this "obvious" observation is 
translated into design guidelines, 
then it is limited. An urban 
 There are two fields that were 
modified. First one was temperature, 
the second one was dew point. The 
temperature was obtained from 
STEVE tool, while the dew point was 
obtained by using both temperature 
and RH, by using this equation: 
Td = T - ((100 - RH)/5.) 
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environment optimized for air 
temperature may not be conducive 
for living in the Tropics when 
ventilation needs to be taken into 
account. 
(in degrees Celsius), T is observed 
temperature (in degrees Celsius), 
and RH is relative humidity (in 
percent). Apparently this relationship 
is fairly accurate for relative humidity 
values above 50%.  
7 It seems from Table 5.1 that the urban 
predicted Tmin is only slightly higher 
than that of the MET station, and the 
difference is smaller than that of the 
Tmax. But based on literature, night time 
UHI should be higher than daytime UHI, 
any explanation? 
The small variation of predicted Tmin is 
due to the lack of solar radiation; hence 
the ambient temperature difference is 
most likely due to release of long wave 
radiation from the urban surfaces. While 
during day time, the high variation of 
ambient temperature is because of both 
solar radiation exposure and 
overshadowing from buildings.   
8 Also, ref to Fig 5.2, I cannot understand 
how Tmax can be higher when SVF is 
higher? It seems to mean that as one 
builds more, Tmax will lower! 
The Tmax refer to the outdoor 
temperature condition at the hottest 
period of the day in Singapore (2-3PM). 
Hence, it is logical when the SVF is 
higher means the area is more exposed 
to the solar radiation, hence brings up 
the temperature. 
9 See also Fig. 5.3. The first paragraph of 
p.109 is most difficult to digest. 
especially for designing in the Tropics. It 
actually demonstrates the key weakness 
of the study using shading and air 
temperature as its main criteria 
The observation made at for Fig 5.3 
refers to hottest period during day time 
(Tmax), hence the logical explanation is 
that when an urban layout becomes 
more open, it increases the exposure to 
solar radiation, hence during peak hour 
(2-3PM), the Tmax at open spaces is 
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1 Climate change part is rarely discussed 
or assessed, and could therefore be 
omitted. 
This section has been removed. 
2 Research limitation mentions “Future 
Predictions” are not able to be assessed. 
This aspect may be valuable in the 
context of climate change prediction. 
This aspect has been addressed in the 
future works (Ch 9.4) 
3 Ch 1.1.3 
Why Urban tools are introduced here? 
This section will be amended and moved 
to the literature review chapter (Ch 2.6) 
3  Literature review is poorly structured, 
it feels rushed, picking on random 
range of topics loosely related to 
thesis. 
 Not comprehensive and critical that 
helps to focus on topic 
 Need a more succinct, focused and 
relevant review would be adequate 
 Work back from findings to help 
determine what this review should 
focus on 
Literature review has been revised and 
reordered properply based on the 
comments.  
3 Figure 2.2 is no helpful or clear: the 
division between UHI, outdoor comfort 
and daylighting seems illogical (there are 
'aspects' that overlap all three topics). 
Although the thesis may not tackle 
daylighting (why not?) it is nevertheless 
important to recognise that urban 
geometry influences daylight availability 
which in turn impacts on the cooling load 
and total energy consumption. Perhaps 
light is even the most sensitive 
parameter with respect to built form. 
The intention here is not to divide the 
components, it is to illustrate that 
microclimate study comprises many 
aspects which are not feasible to handle 
everything into a single thesis. 
Furthermore, the author focuses on the 
building geometry, variation of 
temperature, shading, and their impact 
on energy usage due to external heat 
gain variation. 
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excluded from the list.  
 It should be noted that there is a 
fundamental problem with taking 
regular arrays (as those early 
examples of Martin and March) to 
assess the urban microclimate and 
building energy use (which is why 
Ratti et al used real complex urban 
forms).  
 A grid by definition means that there 
are prevailing directional 
characteristics which will mean that 
certain wind and solar orientations 
may be emphasised. Although real 
cities, including Singapore, have 
grid-like patterns, there are 
variations in building height and 
dimensions, openings between 
towers or raised podium or piloti 
configurations, etc., that will create 
increased randomness.  
 Research work by others has shown 
that this randomness of the real 
urban texture can be very influential 
with respect to the microclimate. This 
presents a challenge to the adoption 
of simplified regular urban arrays for 
analysis, and this challenge must be 
addressed, discussed or at least 
noted. 
study focuses on a CBD area which 
mostly comprises offices or non-
domestic buildings. From local 
observation, rectangular and slab 
type are the most common shape. 
While courtyard is not a common 
building type in Singapore, even for 
housing (since some literatures 
mention that courtyard represents 
typical housing form in hot and arid 
climate).  
 Although, it is also true that since 
this study deals with many variations 
of building form in different density, 
the courtyard probably should have 
not been excluded. 
 The purpose of using parametric 
approach is to control and test 
various scenarios, and the 
possibilities are endless. Hence, 
author tries to deal with as many 
scenarios as possible which can fit 
into the time frame. 
 The advantage of using real case 
study is that it reflects the real 
condition. However the downside, 
the findings and analysis are limited 
contextually to that site only. 
3 Figure 5.1 
 Explain why the temperature range 
is small and above ambient for 
Tmin? 
 Should the range not be larger, as 
defined by the UHI effect being 
maximum at night?  
 The small variation of predicted Tmin 
is due to the lack of solar radiation; 
hence the ambient temperature 
difference is most likely due to 
release of long wave radiation from 
the urban surfaces. While during day 
time, the high variation of ambient 
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 Why is the range larger for Tmax? 
What is the data referred to in Table 
5.1- from STEVE or measured? 
 Why not include both? 
radiation exposure and 
overshadowing from buildings.   
 The data referred in Table 5.1 are 
the results of STEVE calculation 
from all 462 hypothetical scenarios, 
hence measurement data were not 
available. 
3 Explain why "urban layout... has a 
greater impact on daytime temperatures 
than on night-time", when Oke refer to 
the maximum UHI occurring at night 
time? 
 Oke refers that heat island is 
typically rather weak or absent in the 
daytime but grows rapidly following 
sunset, reaching its maximum 
intensity (which can be translated as 
difference between rural background 
and highest urban temperatures 3-5 
h later). 
 The finding from this section does 
not imply the UHI impact, but merely 
the diurnal ambient temperature 
condition, which is highly influenced 
by the urban geometry due to its 
SVF or openness condition. 
3 Ch. 5.2.2 
You state that "eleven scenarios have 
been randomly selected"- this does not 
come across as very rigorous or 
scientific as you may have randomly 
picked unrepresentative scenarios. 
Justify the selection process. 
By looking at Table 5.2, there are 3 
criterions on selecting the scenarios: (1) 
The smallest site coverage and the most 
compact scenario, which is 20-20-01. (2) 
No 2-6 are the selected scenarios which 
have similar surface area. (3) No 7-11 
are the selected scenarios which have 
the same GFA. These criterions on 
selecting the scenarios are based on the 
assumption that urban layout with similar 
GFA or envelope surface area may yield 
different impact on its outdoor 
temperature. 
3 Table 5.2 refers to "Total Mass"- what is 
this? Why not also include SVF and 
Total mass refers the number of 




# Comments Responses 
surface to volume ratios for the 11 forms, 
to be more complete. 
surface-volume ratios has been added. 
3  You should clarify if the differences 
in energy performance between 
forms are more directly significant 
that the indirect effect of the change 
of temperature profile.  
 Is the variation within the 
'background' climate data on energy 
greater than the variation in ‘local’ 
microclimate? 
 For example, form 20-02-01 uses 
190 kWh/sqm, whereas form 70-20-
01 uses 160 kWh/sqm- so about 30 
kWh/sqm is due to form. Whereas 
for 70-20-01 the difference between 
‘background’ and ‘local' is about 10 
kWh/sqm. Therefore, form affects 
energy significantly more than 
microclimate. Is this true? 
 If so, what are the statistical energy 
use differences for all the forms and 
temperatures? 
 Are there scenarios where the form 
and temperature forces can cancel 
each other out (i.e. the negative 
temperature conditions are 
counteracted by more energy 
efficient form choices)? 
 The energy variation from different 
scenarios is an accumulation of both 
form and local temperature aspect. 
But from the 11 scenarios, it 
indicates that variation in energy 
performances is significantly due to 
form.  
 By using the “background climate” 
for the weather data, it means all 462 
scenarios would have been 
simulated under the same weather 
condition (there would be no 
localized temperature). Hence, the 
energy simulation result would have 
not been able to capture the energy 
variation due to temperature profile.  
 From the example of 20-20-01 and 
70-20-01, if we exclude the local 
temperature profile and using the 
background climate data instead, we 
only obtain the energy variation due 
to form. Now, with generating the 
temperature profile to be embedded 
into the weather data, we can get a 
more accurate energy variation, 
because the localized temperature 
profile is the direct result of the urban 
form. 
3  It should be noted that the outcomes 
of conduction gain will be very 
different for more complex forms- i.e. 
a building with a facetted facade will 
have a much larger surface area 
than its simplified form suggests.  
 The simplified forms thus give 
 The objective of using parametric 
approach is to control the variables, 
since the variability can be limitless. 
Hence, this study tries to include as 
many variations as possible within 
the feasible time frame.  
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simplistic outcomes which in 
themselves are not very significant 
and therefore will be very sensitive to 
other design aspects. 
simple rectangular form, this study 
tries to vary the layout arrangement 
and openness through compactness 
control. 
 However the concerns will be 
addressed, and for future works, it is 
intended to test out more complex or 
radical forms. 
3  The relatively small differences in 
performance that have been 
presented are a cause for concern 
because it raises questions over the 
robustness of the assumptions, 
uncertainties and errors, and the 
strength with which conclusions can 
be stated.  
 For example, the author notes that 
the maximum wind speed difference 
is only 0.2m/s- should a wider and 
more complex range of forms have 
been tested?  
 Compactness only seems to make a 
difference of about 2 kWh/sqm out of 
a total of about 152 kWh/sqm (Figure 
8.17). The absolute maximum 
difference in energy performance is 
only 13 kWh/sqm out of an average 
of about 157 kWh/sqm- this seems 
very modest given the radical 
difference in simplified urban 
planning configurations tested (i.e. it 
would not convince a planning 
authority to change its urban design 
policy which has many more 
objectives than only to reduce 
energy).  
 The change in comfort vote is no 
 The limitations encountered in this 
case study can be explained by the 
boundary condition which has been 
set by the FAR control. Means, there 
are limitations of the range of forms 
which can be tested due to meet the 
maximum floor area.  
 Regarding the wind speed 
difference, it is true that a more 
complex geometric form should have 
been tested. But due to time 
limitation, this cannot be done under 
current time frame, but it has been 
taken into consideration for future 
study.  
 A more radical difference will surely 
be encountered when urban forms 
with different FAR are tested, since 
the floor area density will be 
significantly different.  
 Overall, this practice has 2 
objecives. First to show how to use 
the thermal load models in a case 
study. Secondly, how to integrate 
other microclimatic analyses to 
complement the thermal load aspect. 
Although it is not perfect at the 
current stage, this attempt shows 
how different microclimatic aspects 
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more than about 0.2 of one vote. 
The average temperature difference 
is less than 1 degrees.  
 On page 235 the author claims that 
the impact of form on energy is 
"significant" but without qualifying 
this (e.g. compared to changing the 
facade design or the cooling system) 
it is difficult to defend the use of this 
word. 
information on the studied area. 
 Hence, the small difference on the 
result can be translated that other 
variant of shapes can be further 
tested. 
 
